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ABSTRACT 
Coloured potatoes may have economic value as natural food colourants and as food 
products such as novelty potato crisps and coloured potato salads. This thesis 
investigated the biochemistry and physiology of anthocyanins and related compounds in 
Solanum tuberosum L., and the relationship to tuber colour. These factors were 
discussed in tenns of consumer requirements. 
Phenolic acids, flavonoids and anthocyanins were smveyed and quantified in the tubers 
(skin and flesh), flowers and leaves of twenty nine cultivars of S. tuberosum and eight 
other Solanum species (S. acaule, S. berthaultii, S. gourlayi, S. oplocense, S. sanctae-
rosae, S. spars/pilum, S. speggazzinii, S. stenotomum). The main anthocyanin found in 
red tubers was pelargonidin-3-(p-coumaroyl-mtinoside)-5-glucoside (200-2000Ilg/gFW) 
with lower amounts of peonidin-3-(p-coumaroyl-mtinoside)-5-glucoside (20-400 
llg/gFW), Light to medium pmple coloured tubers contained mostly petunidin-3-
(p-coumaroyl-mtinoside)-5-glucoside (400-2000Ilg/gFW) pills low concentrations of 
malvidin-3-(p-coumaroyl-mtinoside)-5-g1ucoside (20-200Ilg/gFW), whilst dark purplel 
black coloured tubers contained a similar concentration of petunidin-3-(p-coumaroyl-
mtinoside)-5-glucoside (1000-20001lg/gFW) to the light to medium purple tubers, but 
with high concentrations of malvidin-3-(p-coumaroyl-mtinoside)-5-glucoside (2000-
5000Ilg/gFW). Red and purple tubers also contained a number of minor anthocyanins, 
with the same aglycones as above, but mostly as the 3-mtinosides. Tubers contained 
high concentrations of phenolic acids (2000-5000Ilg/gFW), with chlorogenic acid 
making up 60-90%. Apart from the anthocyanins, there were low concentrations of 
other flavonoids (200-3001lg/gFW). The major anthocyanin present in the flowers was 
petunidin-3-(p-coumaroyl-mtinoside)-5-glucoside. Flowers and leaves contained higher 
concentrations offlavonoids (1000-3000llg/gFW), the major flavonoids being quercetin-
glycosides. The flavonoid patterns of flowers and leaves fell into two different categories 
with some cultivars containing high concentrations of quercetin-glycosides, whilst others 
contained low concentrations. 
Tubers of the other available Solanum species did not show the range of colours shown 
by S. tuberosum cultivars, and were mostly white or light purple, with petunidin-3-(p-
coumaroyl-mtinoside)-5-g1ucoside being the major anthocyanin (when present) in the 
skin of tubers of the other Solanum species. The major anthocyanin in flowers of the 
other Solanum species was petunidin-3-(p-coumaroyl-mtinoside )-5-g1ucoside, with 
levels similar to those found in S. tuberosum flowers. Low levels of anthocyanin were 
found in the leaves of the other Solanum species whereas in S. tuberosum no 
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anthocyanins were found in the leaves. There was considerable variation among plants 
and species in both phenolic acid and flavonoid concentrations, but generally a similar 
pattern was found in the other Solanum species as in S. tuberosum cultivars, except that 
S. tuberosum flowers contained lower concentrations of total phenolic acids and 
flavonoids on average, and tubers and leaves contained high concentrations of 
flavonoids. 
The expression of different pathways appeared to depend on the species, plant tissue and 
environmental factors. Diseased tubers contained higher concentrations of phenolic 
acids, flavanones and flavonols than healthy tubers, and some flavonols which were not 
present in healthy tubers were produced in diseased tubers. There was differential 
expression of anthocyanins, flavonoids and phenolic acids in the different parts of the 
plant (tubers, flowers and leaves). These compounds also responded differently to light, 
with anthocyanins showing a large increase, flavonoids a smaller increase, and phenolic 
acids no change in concentration, in minitubers after indirect exposure to light. 
The biosynthesis of anthocyanins in tubers was investigated throughout tuber 
development and during storage. Newly initiated tubers contained no anthocyanin, and 
subsequent production of colour occurred firstly at the stem end of the developing tuber, 
and then proceeded to the bud end. Anthocyanin concentrations increased throughout 
the development of the tuber, reaching a maximum at a tuber size which was dependent 
on the cultivar (about l50-200g for Desiree). Concentrations were higher at the stem 
end of the tuber than the bud end for mQst of tuber development although, as the 
maximum anthocyanin concentration was reached, the distribution of anthocyanin over 
the tuber became more uniform. This suggested that the transport of some compound 
(carbohydrate or "triggertt ) was responsible for the initiation of anthocyanin biosynthesis. 
Concentration of other flavonoids also increased and followed a similar pattern to that of 
the anthocyanins, with maximum concentrations occurring in Desiree tubers about 150-
200g. Phenolic acid concentrations also increased during tuber development, although 
these reached a maximum concentration in slightly smaller tubers (about 70-l00g). 
Microscopical studies of anthocyanin-containing cells showed that the difference in 
colour intensities of the different cultivars was because of differences in the amount of 
anthocyanin produced in individual cortex cells, in the proportion of cortical cells within 
a layer producing anthocyanin, and the number of layers of coloured cells. Totally white 
tubers did not contain any anthocyanin coloured cells, whilst more highly coloured tubers 
contained a greater number of more highly coloured cells in these layers. Additionally, 
the strongly coloured tubers had increased amounts of anthocyanin present in the phellem 
cells and intense1y coloured deposits of anthocyanin around the cell walls of these cells. 
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Cold storage (4°C) of tubers caused an increased concentration of anthocyanins, 
especially at the bud end ofthe tuber, so that the distribution pattern of anthocyanins was 
reversed from that found in developing tubers. Storage at higher temperatures (10°C and 
above) caused a decrease in anthocyanin concentration. These changes in anthocyanin 
concentration were thought to be related to sprouting and also the sugar concentration 
within the tuber. Cooking (boiling, steaming or crisping) of tubers (until they were ready 
to eat) did not result in any significant loss in anthocyanin colour, although after two to 
three times the normal cooking time some loss of anthocyanin colour occurred. 
Anthocyanin colour may have been affected by the high concentration of starch or sugars 
found in tubers. Addition of amylose, amylopectin, a-cyc1odextrin and ~-cyc1odextrin to 
anthocyanin solutions caused a decrease in anthocyanin colour, whilst the addition of 
sugars (glucose, sucrose and maltose) resulted in increased anthocyanin colour. 
Tissue-cultured minitubers were used to investigate the effects of light on anthocyanin 
biosynthesis. Although anthocyanins were produced in the dark in field grown tubers, 
the presence of light on the plant leaves was necessary for anthocyanin production in 
some cultivars. Anthocyanin concentration increased with increased light intensities in all 
cultivars studied (to a maximum of about 3.2ng/cm2 of surface area in Desiree 
minitubers), and the activities of enzymes (phenylalanine ammonia-lyase, cinnamic acid 
4-hydroxylase, chalcone isomerase, flavanone 3-hydroxylase, flavonoid 3'-hydroxylase, 
dihydroflavonol reductase and glycosyltransferase) showed related increases. 
Biosynthesis of anthocyanins was a high irradianceresponse and required at least eight 
hours of exposure to light for a significant increase in anthocyanin concentration to 
occur, after which anthocyanin concentration (to a similar maximum concentration) 
increased linearly with increasing time of exposure. Both phytochrome and 
cryptochrome light receptors were thought to be involved because light of blue, red and 
purple wavelengths enhanced anthocyanin production, compared with white light of 
similar intensity. 
The regulation of anthocyanin biosynthesis in potato tubers is different from most other 
plants and tissues because direct light exposure of the tuber is not necessary for 
anthocyanin production. However, for maximum anthocyanin synthesis the exposure of 
the plant leaves to light is required. It is proposed that this synthesis of anthocyanins in 
tubers in the dark requires genetic capability of the tubers, a supply of carbohydrates, and 
is mediated by a "trigger" compound produced after the exposure of the leaves to light 
and transported to the tubers. 
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CHAPTER! 
Introduction 
1.1 The potato 
Potatoes (Solanum tuberosum L.) are a crop of high nutritive value and of considerable 
world importance, being fourth in world production, following wheat, maize and rice. 
The cultivated potato, S. tuberosum, belongs to the family Solanaceae, comprising over 
2,000 species. There are several poisonous species in this family, but also many food 
plants of economic importance (Timberlake and Bridle, 1982). Other well known crops 
in the Solanaceae include the tomato (Lycopersicon esculentum), the egg plant (s. 
melongena), various species of chilli peppers (Capsicum spp.) and tobacco (Nicotiana 
tabacum). Many other common species also belong in this family; the a1kaloid drug 
plants, such as Atropa, Hyosyamus, Scopolia, Mandragora, and Poroporo (S. 
aviculare), the ornamentals in the genera Petunia, Nicotiana and Schizanthus, as well as 
a range of tropical fruits such as pepino (S. muricatum), lulu or narajilla (S. quitoense), 
tree tomato (Cyphomandra betacea) and husk tomato or cape gooseberry (Physalis 
spp.). 
There is a total of 235 recognised tnber-bearing Solanum species, of which 7 are 
cultivated and 228 are wild (Hawkes, 1990). The wild species are widely distributed 
through much of the Americas, from the south-west of the United States of America, 
into nearly every state in Mexico, and through into Guatemala, Honduras, Costa Rica 
and Panama. In South America they occur in almost every country, but are found mostly 
in Venezuela and Argentina, and the Andes of Colombia, Ecuador, Peru, and Bolivia. 
From a few of these wild species the seven cultivated species of potato have arisen, 
occurring in a range of chromosome numbers including 24 (diploid), 36 (triploid), 48 
(tetraploid) and 60 (pentaploid). Of these cultivated species, S. tuberosum is a tetraploid 
and its subspecies tuberosum is the common potato with world-wide distribution. 
Another subspecies of S. tuberosum, subspecies andigena, is commonly cultivated in the 
South American Andes, whilst the other six cultivated potato species are restricted to the 
high Andes of South America in an area stretching approximately from central Peru to 
central Bolivia (Hawkes, 1990). Potato systematics will be discussed further in Section 
3.1.3. 
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1.1.1 Cytology - ploidy levels 
The presence of polyploidy with a base number of 12 in wild potatoes was established by 
Smith (1927). Later workers (reviewed in Hawkes, 1990) showed that there was not 
one, but many, polyploid series in wild potatoes which had evolved independently. 
Diploids, tetraploids and hexaploids are sexually fertile but the odd numbered polyploids 
are sterile. Despite the presence ofpolyploids, 73% of the tuberous Solanum spp. are 
diploid. There are three cultivated diploids (S. stenotomum, S. phureja and S. 
ajanhuiri), two triploid species (S. chaucha and S. juzepczukii), and one tetraploid 
species S. tuberosum with its two subspecies, tuberosum and andigena (Hawkes, 1990). 
1.1.2 The early potato and introduction into Europe 
The potato was first discovered during the conquest of Peru in the 1530's when the 
potato was a widespread crop in the Andes and in Chile. There is no reliable account of 
the introduction of the potato into Europe, however Hawkes (1990) found that all the 
evidence pointed to two early introductions. The first was into Spain in about 1570 and 
the second was into England between 1588 and 1593. These first European potatoes 
were the short-day adapted subspecies andigena cultivars from the Andes, probably 
Colombia. 
1.1.3 Further spread into Europe 
The short-day adapted subspecies (andigena) was not suited to the European climate, 
and following selection and plant breeding the long-day adapted tuberosum subspecies 
evolved. The potato was widely grown in Spain and Italy by the late 1600's and in 
France by the mid 1700's (Brown, 1990). However, there was considerable resistance to 
their cultivation by all except the poorest people until they were popularised by 
Parmentier in 1773. Their general adoption in Eastern Europe occuned between the late 
1700's to the early 1800's, when the adaptation to short-day length had been bred out 
and the plants were able to tuberize in the long-day lengths found in most of Europe. 
The potato was completely unknown in North America until the early 1600's. Potatoes 
were taken to India and China by British missionaries in the late 1600's and were known 
in Japan and parts of Africa by about the same period (Hawkes, 1990; Simmonds, 
1976). In New Zealand they appeared in 1769 and had been adopted by the Maoris by 
1840, who were already conversant with sweet potato cultivation (Yen, 1961/2)' 
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Figure 1.1 Range of colours displayed by potato tubers . 
Chapter 1 Introduction 7 
1.2 Introduction to pigments in potato tubers 
The appearance of food is important to consumers, and a major factor determining 
appearance is the colour. Within cultivars of S. tuberosum, tubers may display many 
colours from white, through yellow, brown, pink, red, purple, purple-blue, to almost 
black (Figure 1.1). There are two main classes of pigments commonly found in potato 
tubers, the carotenoids and anthocyanins, however after exposure to light a third class of 
pigment, the chlorophylls, may be present. Because the colour of tubers is so imp011ant 
these classes of pigments are discussed in more detail. 
1.2.1 Carotenoids 
The flesh of all varieties of potato is tinged with yellow to a greater or lesser extent, and 
this is due mainly to the presence of carotenoids, a class of plastid pigments. The main 
carotenoid constituents in potato tubers are the xanthophylls; violaxanthin, lutein and 
lutein-5,6-epoxide, with small amounts of neoxanthin and neoxanthin-A. 
~-Carotene, a common carotenoid in many other plants, and also present in the aerial 
parts of the potato plant, is absent or present only in trace amounts in the tubers (Burton, 
1989). There is a direct correlation between yellow flesh colour and total carotenoid 
content, which is a heritable characteristic., It is thought that the tendency for a high 
carotenoid content is determined by a single dominant gene, although there are 
modifYing genes (Brown et aI., 1993). 
1.2.2 Anthocyanins 
The other major group of pigments which may occur in the tubers of some potato 
cultivars is the anthocyanins. These are vacuolar pigments which give rise to the red to 
purplelblack colourations in the tuber skin and! or flesh (Figure 1.1), and these colours 
often mask the colours produced by carotenoids. Anthocyanins belong to a class of 
compounds called the flavonoids, however most other flavonoids are usually colom'less 
or have a yellow colour. Other flavonoids, such as flavonols and flavones which have a 
yellow colour, may be present in trace amounts, although it is unlikely that they have any 
significant effect on flesh or skin colour (Burton, 1989). 
1.2.2.1 Classification of anthocyanin colour in potato plants 
The colour and distribution of anthocyanin pigmentation over various parts of the plant 
are characteristics which are of great value in the identification of a cultivar. The tuber 
skin may be wholly or partially coloured. In partially coloured tubers the pigmentation 
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may be confined to the eyes or eyebrows only, or may be splashed, when it is confined to 
areas around the eyes. Alternatively, when areas around the eyes have no pigmentation 
and the remainder of the tnber is pigmented, the distn'bution is described as spectacled. 
If pigmentation is distributed at random in one or more areas around the tnber it is 
scattered, and if the surface is more or less uniformly covered with pigmented spots it is 
stippled (Burton, 1989). The flesh of the tnber may also be classified by the various 
distributions of anthocyanin which occur. The colour of sprouts (sprouted under natural 
diflUsed light) also varies between cultivars (Burton, 1989; Sparks, 1990). The 
distribution and colour of anthocyanin pigmentation over other parts of the potato plant 
are also useful in the identification of potato cultivars. For example; the anthocyanin 
colour is classed as either present or absent in the stem, flower peduncle, flower pedicel, 
and flower bud. The colour of the upper and lower surface of the flowers is a distinctive 
characteristic of different potato cultivars and is categOlised into four groups: white, 
light purple, deep purple and blue. Also distinctive is the flower colour disnibution, with 
coloured flowers often white tipped due to the absence of anthocyanin colouration in the 
petal tips (Sparks, 1990). 
1.2.3 Other pigments 
Greening, due to chlorophyll formation as a result of exposure to light, is not uncommon 
but, this is usually accompanied by the production of the toxic glycoalkaloids such as 
solanine and chaconine (Burton, 1989), and therefore tnbers showing the green 
colouration should not be eaten. Melanin fo:pnationas a result of injury may give rise to 
grey or black discolourations, which are also undesirable. 
Thus, the major contribution to colour of potato tnbers is from the anthocyanins and this 
thesis will focus on the biochemistly and physiology of these and related compounds. 
1.3 Biochemistry and chemical structures of the phenolics 
-
Whilst the main aim of this project was to study the coloured anthocyanin pigments in 
potatoes, it was also considered necessary to include a study of compounds which were 
closely related both structurally and biosynthetically, to enable an insight into the 
biochemistry ofthe anthocyanins. 
The anthocyanins and flavonoids belong to a wider class of compounds called phenolics. 
The term "phenolic" is defined chemically as a substance which contains an aromatic ling 
with a hydroxyl substitnent (including esters, methyl ethers, glycosides, etc.) (Harborne, 
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1989), although most plant phenolics have two or more hydroxyl groups. However, a 
purely chemical definition of a plant phenolic is not entirely satisfactory because it would 
mean including some compounds which are principally terpenoid in origin, so a 
biogenetic definition is preferable. The natural plant phenolics arise biogenetically from 
two main pathways; the shikimic acid pathway and the acetate (polyketide) pathway, 
and these are discussed further in Chapter 5. 
1.3.1 Flavonoids 
As well as the anthocyanins, the flavonoid class of compounds includes the flavonols, 
flavanones, flavones, catechins, aurones, and chalcones. These flavonoid classes are 
closely related chemically and all have a basic fifteen carbon nucleus with a C6C3C6 
structure composed of two aromatic rings (A and B), linked by a three carbon chain 
(Figure 1.2). This chain is closed in most flavonoids to form the heterocyclic C-ring, but 
remains open in the chalcones and dihydrochalcones. 
3' 
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Figure 1.2 Generalised structure and numbering system of carbon atoms of most flavonoids. 
Flavonoids are abundant in nature and are found in all green plants except algae and 
horn worts, and occur in virtually all plant parts including roots, stems, leaves, bark, 
flowers, pollen, nectar, berries and seeds (Harborne, 1967; Markham, 1982). There is a 
general trend towards a wider range of flavonoids being present in more highly evolved 
plant groups, and taxonomically related plants are generally found to produce similar 
types of flavonoids with similar hydroxylation, methylation, glycosylation and acylation 
patterns (Harborne, 1972). Diversity and complexity of the flavonoids depend on the 
variety of the aglycones and the high number of glycosylation and acylation pattems, and 
also their association into complex molecules (Gross, 1987). 
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It has been estimated that about 1.5% of the carbon fixed annually in photosynthesis is 
used for the synthesis offlavonoids (Smith, 1972). The function offlavonoids in plants 
is not completely understood but flower colours, together with scent and nectar, attract 
insects to plants and ensure cross fertilisation. Some leaf flavonoids may be involved in 
insect feeding responses as specific deterrents, and flavonoids can act as a screen against 
damaging UV radiation (Harborne, 1976), and also as protective agents against infection 
by phytopathogenic organisms (Hahlbrock, 1981). Until recently flavonoids were only 
recorded as vacuolar constituents or in leaf waxes and bud exudates, but Strack et al. 
(1989) have reported that they can also be linked to the cell wall. 
Precursors 
Chalcones 
Chalcone Aurones 
Isoflavones 
Flavanone Flavones 
1 
Dihydroflavonols Flavonols 
1 Flavan-3-o1s 
Flavan-3,4-diols 
Anthocyanins 
Figure 1.3 Biosynthetic pathway for flavonoid classes. 
In plants, flavonoids occur in a variety of structural forms, but the early steps in their 
biosynthesis are closely interrelated. Early experiments with radioactively labelled 
precursors established that the carbon skeleton of all flavonoids is derived fi'om acetate 
and phenylalanine (Hahlbrock, 1981). A central intermediate in the formation of all 
flavonoids is the chalcone (Hahlbrock 1981) and all other classes are derived from this by 
a variety of routes (Figure 1.3). The basic C6C3C6 structure is formed from the 
condensation of 4-coumaroyl CoA, two malonyl CoA's and acetyl CoA, a reaction 
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catalysed by the enzyme chalcone synthase (CHS) (Mancinelli, 1985). The reactions 
leading to the formation of 4-coumaroyl CoA form the general phenylpropanoid pathway 
and are common to the pathways of the biosynthesis of a number of classes of 
compounds, including flavonoids, phenolic acids, cinnamate esters and lignins 
(Mancinelli, 1985). The A-ring is fmmed from three acetate units (from malonyl CoA), 
whilst phenylalanine (from the shikimic acid pathway) gives lise to the B-ring and 
carbons 2, 3 and 4 of the heterocyclic C-ring (Figure 1.2). The biosynthesis of 
flavonoids is discussed fiuther in Chapter 5. 
The flavonoids are divided into classes depending on the oxidation state of the C-ling 
(Figure 1.4). Individual carbon atoms are identified by a numbering system that uses 
ordinary numerals for the A- and C-rings and "primed" numerals for the B-ring (Figure 
1.2 and 1.4). However, due to structural changes, a modified numbering system is used 
for chalcones and aurones. 
3' 
5 4 
0+ 
x;; xr-~ XX h- OH 0 
Anthocyanidin Flavanone Aurone 
x;y 0 ¥H I . xx OR 
0 0 
Chalcone Flavonol Flavan-3,4-diol 
MH x;r ~H 
Flavan-3-01 Flavone Dihydroflavonol 
Figure 1.4 The C-ring structure of the main classes offlavonoids. 
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Within each class of flavonoid (e.g. anthocyanins, flavonols, flavanones, flavones etc.) 
the basic fifteen carbon skeleton is converted into the many different compounds by 
hydroxylation of the A- and B-rings, methylation and glycosylation of th,~se hydt;oxyl 
group s, and sometimes acylation. These reactions are common to all classes of 
flavonoids, and therefore will be discussed before a more detailed discussion of the 
different classes offlavonoids. 
1.3.1.1 Hydroxylation 
A number of hydroxylation patterns are observed among the flavonoids, but some 
patterns occur more frequently than others. The most common hydroxylation pattern of 
the A-ring is the 5,7-hydroxylation pattern but occasionally 5,7,8- or 5,6,7-hydroxylation 
patterns are found. The B-ring generally has a 4'·, 3',41- or 3',4,,5'-hydroxylation pattern, 
but there are some rare flavonoids which lack B-ring hydroxylation (Stafford, 1990). 
1.3.1.2 Glycosylation 
Plant flavonoids are usually glycosylated. This makes the flavonoid more stable and 
water soluble which is necessary for the retention of some flavonoids in the aqueous 
medium of the vacuole. There are two major types of glycosidic linkages found, forming 
O-glycosides or C-glycosides (Stafford, 1990), but O-glycosides are more common and 
only these have been found in potatoes. Flavonoid O-glycosides are formed by an acid-
labile acetal bond between a sugar and a fl~vonoid. hydroxyl group (Markham, 1982), 
and although any of the hydroxyl groups on the flavonoid nucleus may be glycosylated, 
some have a higher probability of being so than others. Thus, flavones, isoflavones and 
dihydroflavones are usually glycosylated at the 7-hydroxyl, whilst in flavonols and 
dihydroflavonols the 3-hydroxyl is usually glycosylated, with sometimes the 7-hydroxyl 
as well. Anthocyanins almost always have a glycosyl group attached at 3-hydroxyl 
When more than one sugar is present in the anthocyanin the other sugar(s) can be 
attached to one of the other hydroxyls, and 5., 7-, 31-, 5'- or even 4'-glycosides may be 
formed (Ebel and Hahlbrock, 1982). 
Glucose is the most common sugar to be attached, but galactose, rhamnose, xylose and 
arabinose are also relatively common, with other sugars detected occasionally. These 
sugars are all usually found in the pyranose form (except for arabinose, which may occur 
in both furanose and pyranose forms). The D-sugars (glucose, galactose and xylose) are 
usually ~-linked to the anthocyanidin, whilst the L-sugars (arabinose and rhamnose) are 
a-linked (Harborne, 1967). Di- and tri-saccharides may also be linked to the flavonoids, 
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for example, rutinose (O-a-L-rhamnosyl-D-glucose) and sophorotriose (O-~-D-glucose­
O-~-D-glucosyl-D-glucose). 
1.3.1.3 Methylation 
Methylation of the hydroxyl groups of anthocyanins is believed to occur after the fifteen 
carbon skeleton has been fonned (see Figure 1.4), although methylation of cinnamic acid 
derivatives can occur at the phenylpropanoid level (e.g. ferulic and sinapic acids), and 
feruloyl-CoA can serve as a weak substrate for chalcone synthase in some cases 
(Hahlbrock and Grisebach, 1975). Methylation commonly occurs after the glycosylation 
and even acylation steps, usually occurring at the 3'- and 51-positions and less frequently 
at positions 5 and 7 (Stafford, 1990). 
1.3.1.4 Acylation 
Acylation with aromatic hydroxy-cinnamic acids, such as caffeic, p-coumaric, and ferulic 
acids, and with aliphatic acids, such as malonic acid, via acyl transferases is common in 
many flavonoid classes. These acyl groups are usually attached to sugars. Malonylation 
is considered to be important for vacuolar transport of anthocyanins in cell cultures of 
Daucus carota, because malonated anthocyanins are more stable and also more polar 
which assists in their transport into the aqueous vacuole (Stafford, 1990). 
Because of the complexity of the flavonoid classes, the biochemical properties and 
structures of compounds in the various classes of flavonoids will be reviewed. 
1.3.1.5 Anthocyanins 
The basic anthocyanidin (aglycone) structure is given in Figure 1. 5. Anthocyanins 
(glycosylated anthocyanidins) are typically pigments of fruits, flowers and leaves and, 
whilst they do occur in other parts of the plant, they are often confined to, or occur in 
highest concentration in, one kind of tissue. Deeply coloured flowers may be produced 
on plants with essentially anthocyanin free stems and leaves however, in general, the 
capacity of a plant to synthesise anthocyanin at all results in the formation of at least 
traces of the pigment in the green parts of the plant (Geissman, 1962). 
Anthocyanins are water soluble, vacuolar pigments responsible for the violet, purple, 
blue, red and pink colours of stems, leaves, flowers, fruits and roots in the vast majority 
of higher plants (Mancinelli, 1985). Six anthocyanidins are widely distributed in plants:-
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pelargonidin (Pg), cyanidin (Cy), delphinidin (Dp), peonidin (Pn), petunidin (Pt) and 
malvidin (Mv) (Figure 1.5). Anthocyanidins other than these are few in number and are 
very rare in occurrence (Harborne, 1967). All six of these anthocyanidins have been 
found in Solanum species (Harborne, 1960a; 1967). The colour of anthocyanins in the 
plant is detennined by the number and position of hydroxyl and methyl groups on the B-
ling (i.e. the identity of the aglycone), the nature and number of sugars attached to the 
anthocyanidin and the position of the attachment, the nature and number of the aliphatic 
or aromatic acids attached to the sugar, and the physiochemical medium in which they 
are viewed (Mazza and Brouillard, 1990) (see Section 2.1 for further discussion). 
Anthocyanins are usually glycosylated at the 3-hydroxyl to provide stability (see Section 
2.1.1. 1), and the most common anthocyanin glycosides include the 3-glucoside, 3-
galactoside, 3-rutinoside and 3-sophoroside (Harborne, 1967). 
1.3.1.6 Flavonols 
RO 
OR 
R} R2 = H; pelargonidin 
R 1 = OH, R2 H; cyanidin 
R} = R2 = OH; delphinidin 
R} = OCH3, R2 = H; peonidin 
R 1 = OH, R2 = OCH3; petunidin 
R 1 R2 = OCH3; malvidin 
Figure 1.5 Structures of the common anthocyanidins. 
Flavonols are the most variable and most abundant of all the flavonoid classes (Stafford, 
1990). The flavonol and anthocyanin classes are closely related biosynthetically, and 
these compounds are frequently found together in the plant cell (Hahlbrock, 1981). 
Flavonols are more highly oxidised and more stable than anthocyanins, and have also 
been found in Solanum species (Wietschel and Reznik, 1980a and b). From the point of 
view of colour, anthocyanins are usually more important, but in some plants flavonols 
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may contribute to the colour, either as yellow pigments in their own right, or as 
copigments with anthocyanins (Harborne, 1967) (discussed in Section 2.1). Eavono1s 
are usually found in the plant as glycosides in the cell vacuole, but aglycones may also be 
found excreted as exudates or attached to the cell wall (Strack et al., 1989). 
Kaempfero1 (Km) and quercetin (Qu) are the most common flavono1s, with the aglycones 
or glycosides of these being found in 50% of plant species, whilst myricetin (My) and 
My-glycosides are present in 10% of plants (Figure 1.6) (Harborne, 1967). Isorhamnetin 
is found in some plants and is formed by the methylation of the 31-hydroxy1 group of the 
B-ring (Figure 1.6). All four of these flavonols are commonly found in the flowers and 
leaves of plants, and have been found in the tuber-bearing Solanum species (Wietschel 
and Reznik, 1980a and b). Flavonol glycosides often have similar glycosylation patterns 
to the anthocyanins within a plant species, and are usually highly glycosy1ated. 
1.3.1. 7 Flavones 
HO 
Rl R2 = H; kaempferol 
R 1 = OR, R2 = H; quercetin 
Rl = R2 OH; myricetin 
Rl OCH3, R2 = H; isorhamnetin 
Figure 1.6 Structure of common flavonols. 
Flavones are the second most variable and abundant of all the flavonoid classes (after 
flavono1s). Flavones (Figure 1. 7) differ from flavono1s (Figure 1. 6) only by the absence 
of a hydroxyl group at the 3-position in fiavones, however the two groups differ in their 
spectral and colour properties, and can be distinguished by chromatographic procedures. 
These two groups have very similar biosynthetic pathways, with several steps in the 
biosynthesis cata1ysed by the same enzymes. The glycosylation patterns in flavones 
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differs from that in anthocyanins and flavonols, because in anthocyanins and flavonols the 
most common glycosylation occurs at carbon~3. This glycosylation does not occur in the 
flavones because there is no hydroxyl group at the 3-position. The most common 
flavone glycosides have a sugar (usually glucose) at the 7-position, but a number of 5-
glycosides are known (Ribereau-Gayon, 1972). Flavones have a yellow colour and may 
act as copigments with anthocyanins (Harborne, 1967). They are found in the plant as 
glycosides in the cell vacuole, or as aglycones usually outside the cell (e. g. in exudates). 
The flavones, apigenin and luteolin (Figure 1.7), are widely distributed in the 
angiosperms, and have also been found in Solanum species (Harborne, 1967; Stafford, 
1990). Another flavone, tricin, is common only in grasses. 
1.3.1.8 Flavanones 
HO 
R 1 = R2 H; apigenin 
R1 OH, R2 FI; luteolin 
R 1 = R2 = OCH3; tricin 
Figure 1.7 Structure of common flavones. 
The flavanones are colourless flavonoids, similar in structure to the flavones, except they 
contain a single bond in the C-ring (Figure 1. 8), instead ofthe double bond found in the 
flavones (Figure 1.7). Natingenin and eriodictyol (Figure 1.8) are the best known 
flavanones, and are fairly widely distributed. Each flavanone is capable of existing in two 
optical isomeric fonns because of the asymmetric carbon at position 2. They are usually 
found as free aglycones (un-glycosylated) (Stafford, 1990). 
RO 
OR 0 
R 1 = H~ naringenin 
Rl OH; eriodictyol 
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OR 
Figure 1.8 Structure of cornman flavanones. 
1.3.1.9 Proanthocyanidi118 and leucoanthocyanidi118 
Another important group of flavonoids is the proanthocyanidins. The tenn 
proanthocyanidin includes all compounds that produce anthocyanidins by cleavage of a 
carbon-carbon bond when heated with acid (Porter, 1988). Included in this group are 
the commonly occurring flavan-3-ols, of which the diastereoisomeric pair (+ )-catechin 
and (-)-epicatechin are frequently found in plants (Figure 1.9). Proanthocyanidins also 
include dimers and trimers composed of catechin, epicatechin and/or anthocyanidin units. 
Proanthocyanidins accumulate mainly in the 'cell vacuoles, although they are also found 
to be associated with lignin in the cell walls of some species (Swain, 1979; Stafford, 
1988). These flavonoids are usually found as aglycones, rather than glycosylated, which 
is probably a reflection of their greater solubility in aqueous media than most other 
flavonoids (Stafford, 1990), however some substitution such as glycosylation, 
methylation and esterification has been found (Stafford, 1993). 
There is some confusion in the literature with the terms "leucoanthocyanidin" and 
"proanthocyanidinu , and to which compounds are being referred. The definition ·of 
leucoanthocyanidins that will be used here includes all monomeric flavonoids that 
produce anthocyanidins by cleavage of a carbon-oxygen bond on heating with a mineral 
acid (P0l1er, 1988). Leucoanthocyanidins, including flavan-4-ols and flavan-3,4-diols 
(precursors of anthocyanins in the biosynthetic pathway), are frequently found in the 
wood and bark of trees. 
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OH OH 
OH OH 
HO HO 
"'OH 
OH OH 
(+ )-Catechin (-)-Epicatechin 
Figure 1.9 Structure of common flavan-3-o1s a) catechin and b) epicatechin. 
1. 3.1.10 Other flavonoids 
Other flavonoids include the pale yellow coloured flavanonols (2,3-dihydroflavanols) 
( e. g. dihydroquercetin (taxifolin) which is important in the biosynthesis of anthocyanins), 
the isoflavones which are isomers of the flavones with the B-ring attached to the carbon 
atom at the 3-position instead of the 2·position, and the strongly yellow coloured 
chalcone and aurone pigments. 
1.3.2 Phenolic acids 
The cinnamic acid and p-coumaric acid precursors of flavonoid biosynthesis are also 
phenolics and maybe telDled "phenolic acids". According to Gross (1981) the telDl 
"phenolic acid ll is applicable to a large variety of compounds containing at least one 
phenolic hydroxyl group and one carboxyl group. It is, however, common practice to 
use the "phenolic acid" terminology for only a limited number of compounds, such as 
benzoic and cinnamic acid derivatives (van Swnere, 1989). This thesis included some 
study of these phenolic acids because cinnamic acid and p-coumaric acid represent a 
branch point in the biosynthesis of a nwnber of compounds, including the flavonoids, 
anthocyanins, cinnamic acids and benzoic acids. 
1. 3.2.1 Benzoic acids 
The benzoic acids are widely distributed in both angiospelDls and gymnosperms, and 
include derivatives of a basic C6-Cl structure (Figure 1.10). p-Hydroxybenzoic, vanillic 
and syringic acids occur in large amounts as constituents of lignin, from which they may 
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be liberated by alkaline hydrolysis (Walker, 1975). Gallic acid is often found as its dimer 
ellagic acid, and both are often found associated with polymeric proanthocyaniclins in the 
cell wall. A number of benzoic acids are found in llotatoes, and these are discussed in 
Chapter 3. 
COOH COOH 
HO~ 
OH 
R 1 = R2 H~ p-hydroxybenzoic acid 
R 1 = OH, R2 H; protocatechuic acid 
Rl OCH3, R2 H; vanillic acid 
R 1 = R2 OH; gallic acid 
Rl = R2 OCR3; syringic acid 
R3 
R3 H; salicylic acid (o-hydroxybenzoic acid) 
R3 OH; gentisic acid 
Figure 1.10 Structure of common benzoic acids. 
1.3,2.2 Cinnamic acids 
The cinnamic acids are a class of phenolic acids which are derived from a C6-C3 
structure (Figure 1.11). Four cinnamic acids (p-coumaric, caffeic, ferulic and sinapic 
acids) are widely distributed in plants with p-coumaric and caffeic acids by far the most 
common. Cinnamic acid itself (as opposed to the class of cinnamic acids!!) is also 
present in some plants but is less common. Because cinnamic acids possess a double 
bond in the C3 side chain, they al'e capable of existing as both cis and trans isomers. The. 
trans isomers are more stable and are the naturally occurring cinnamic acids, however 
these two isomers are easily interconvertable under the action of light and an equilibrium 
is reached. Cinnamic acids are sometimes found as glycosides and often occur in 
conjugated or esterified fOlIDS (Ribereau-Gayon, 1972). A number of cinnamic acids are 
found in potatoes, and these are discussed in Chapter 3. 
~ COOH 
RI = R2 R3 = H; cinnamic acid 
R I H, R2 OH, R3 H; p-coumaric acid 
R 1 R2 = OH, R3 = H; caffeic acid 
R 1 = OCH3, R2 OH, R3 = H; ferulic acid 
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RI = OCH3, R2 Off, R3 OCH3; sinapic acid 
Figure 1.11 Structure of common cinnamic acids. 
1.3.2.3 Cinnamic acid derivatives 
There are a number of naturally occurring derivatives of the cinnamic acids. The most 
common of these is chlorogenic acid (Figure 1.12), which is an ester of caffeic acid and 
quinic acid (3-caffeoylquinic acid). Chlorogenic acid is one of the major phenolics fOlUld 
in potatoes. Isochlorogenic acid (a mixture of three isomeric dicaffeoylquinic acids) and 
neochlorogenic acid (5-caffeoylquinic acid) are also found in plants (Ribereau-Gayon, 
1972). Acylated anthocyanins constitute another combined form of the cinnamic acids, 
where p-coumaric, caffeic or ferulic acid are often found linked to a glycosidic hydroxyl 
of an anthocyanin molecule. 
OH OH 
HO~ 
O~OH ~ COOH 
HO 
Figure 1.12 Structure of chlorogenic acid. 
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1.3.3 Coumarins 
The other major class of phenolic compounds which is commonly found in plants is the 
coumarins. The different coumarms are derived from the cyclisation of o-hydroxy-cis-
cinnamic acids. The most common are umbelliferone, aesculetin and scopoletin, whose 
substitution patterns correspond, to p-coumaric, caffeic and ferulic acids respectively 
(Figure 1.13). Coumarms occur naturally in plants as glycosides, and scopolin 
(scopoletin-7-glucoside), aesculin (aesculetin-6-glucoside) and cichoriin (aesculetin-7-
glucoside) have been found in potatoes (Baruah and Swain, 1959; Harborne, 1960b). 
8 H°tr°yO 
R~ 
5 
R H; umbelliferone 
R = OH; aesculetin 
R = OCH3; scopoletin 
Figure 1.13 Structure of common coumarins. 
1.4 Biological importance of phenolics 
The phenolics are secondary metabolites, and therefore not required for primary 
metabolism So why do plants contain anthocyanins, flavonoids and phenolic acids? 
What is their role in the biology of the plant? Since one of the aims of this thesis is to 
understand the biochemistry offlavonoids, and in particular anthocyanins, with a view to 
the possible alteration in production or stability (i.e. change in colour), it is important to 
understand the answers to these questions, and consider the functions of a particuIar 
compound and what effect, if any, the alteration may have on the plant. Therefore, in the . 
following section the biological significance of these classes of phenolics is briefly 
discussed. 
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1.4.1 Flavonoids 
Probably the most important function of the flavonoids is in the pigmentation of plants, 
to produce the yellow, red and purple colourations found. Mammals have their highest 
visual sensitivity around 500nm, the visible "'max of anthocyanins, however a number of 
insects have visual systems which allow them to view much shorter wavelengths, into the 
UV range, where flavone and flavonol glycosides have a high absorbance. Just as 
humans do, a number of other creatures also select their food mainly by the means of 
visual cues, of which colour plays an important part. The major pollination types (e.g. 
bee, insect and bird pollination) in flowers can be attributed to the flower colour, and 
therefore the identity of the flavonoids that are present. Bees generally prefer b1ue and 
yellow, butterflies pink and white, moths white, and birds red coloured flowers 
(McClure, 1975). 
Flavonoids (especially flavones and flavonols) absorb strongly in both the UV-A and 
UV-B regions of the spectrum and are partially responsible for UV protection in plants. 
This is suppOlted by the following observations about these compounds; 
1) they absorb efficiently in the UV range, 
2) they are localised preferentially in the epidermis, 
3) they accumulate rapidly following UV irradiation and, 
4) the most efficient wavelength for induction (290-300nm) is also the most 
damaging (Jorgensen, 1994). 
Flavonoid glycosides are naturally occurring antioxidants in plants. For example, they 
can serve as antioxidants for ascorbic acid (McClure, 1975), and this flavonoid 
antioxidant property has been found to be associated with tolerance of ozone and 
manganese toxicity (both oxidative stresses) in soybean (Foy et al., 1995). Flavonols are 
used by plants in chemical defence against pathogens and as feeding deterrents to insects 
and other herbivorous animals. They may interact with proteins and/or cause the 
inhibition or deactivation of enzymes such as pectinases, plant amylase, phenoloxidase, 
succinate dehydrogenase, and pancreatic RNAase (van Sumere, 1989). Alternatively 
they may intelfere with the biological processes in cells which can make them toxic to 
certain micro-organisms or animals, inhibit their growth, or give unpleasant sensations to 
the taste buds of animals (Grayer, 1989). For instance, Maltemd et al. (1985) found that 
flavonoids isolated from the wood of Salix caprea were active against some wood-
destroying fungi, whilst Weidenborner and Jba (1993) found that three flavones and one 
flavanone showed anti-fungal activity against different fungi occuning on various grains. 
Flavonoids have also been found to promote or inhibit plant growth hormones, for 
example Qu-glycosides were inhibitors of indole acetic acid (IAA) oxidase whilst Km-
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glycosides were cofactors (Stafford, 1990). Another function of some flavonoids is that 
they act as transcriptional signals from plants to bacteria; for example, certain flavonoids 
from legumes induce transcription of nodulation (nod) genes in N2-fixing rhizobia 
bacteria (Phillips, 1992), and acetosyringone (a substituted benzoic acid) induces 
transcription of virulence (vir) genes in Agrobacterium tumejaciens, a common plant 
pathogen (Stachel et al., 1985; 1986). 
1.4.2 Phenolic acids 
Phenolic acids have also been attributed with divergent physiological and biochemical 
activities, such as feeding deterrents, defence substances, allelochemicals, chelation of 
metals to reduce toxicity, plus roles in the inhibition of seed and fungal spore 
germination, and in plant growth generally. Ferulic acid and coumarin have roles in 
regulating the germination of barley seeds (van Sumere et al., 1972). Ellagic acid and 
gallic acid esters are involved as feeding deterrents, defence substances and 
allelochemicals. Salicylic acid was fouud to enhance adventitious root formation in muug 
bean shoots (Kling and Meyer, 1983), and benzoic acids may be of importance in 
chloroplasts since they have been found to inhibit photosynthesis in spinach chloroplasts 
(Tissut et al., 1980). 
1.5 Economic importance of phenolics 
1.5.1 Flavonoids 
Flavonoids, including anthocyanins, appear to be non-toxic to man, and have a variety of 
medical applications. Various flavonoids have been reported to have antibiotic, anti-viral 
or anti-inflammatory activity (Nakagami et al., 1995; Read, 1995), and a variety of 
flavonoids have even been found to selectively inhibit BIV infection (Mahmood et al., 
1993). Their antioxidant characteristics have a number of uses in medicine, including the 
scavenging of superoxide anions (Larson, 1995), singlet oxygen (Husain et aI., 1987), 
and lipid peroxy-radicals (Sorota et al., 1982; Castelluccio et al., 1995), as well as the 
binding of metal ions (Takahama, 1985). Additionally, flavonoids inhibit the oxidation of 
low-density lipoproteins and reduce the risk of coronary heart disease (Hertog et al., 
1993; 1995), and have also been fouud to have anti-carcinogenic activity (McClure, 
1975; Middleton and Kandaswami, 1994). Therefore, the presence of flavonoids with 
these properties in potatoes are beneficial in such an impoltant food source. 
Anthocyanins are important economically as natural food colourants, and this is 
discussed further in Section 1.6. 
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1.5.2 Phenolic acids 
Phenolic acids and their derivatives are used in a number of medical and industrial 
applications; for example, salicylic acid is the starting material for aspirin and 
methysalicylate manufacture, gallic acid is an inhibitor of antibody production and clone 
formation, whereas ellagic acid is a potent inhibitor of the mutagenicity and cytotoxicity 
activities ofbenzo(a)pyrene (van Sumere, 1989). Examples of phenolic acids frequently 
used in industry include, vanillic acid for the manufacture of perfumes, flavourings and 
pharmaceuticals, and gallic acid which is used in the manufacture of inks and dyes. 
1.6 Properties of phenolics in foods 
Some flavanones and dihydrochalcones have a distinctive taste, being bitter, sweet, or 
bittersweet; for instance, certain flavanone glycosides occurring in the peel of Citrus 
fruits are bitter (Grayer, 1989). Studies (reviewed in Harborne, 1967) have found that 
very small changes in the structure of the flavonoid, such as the position or nature of 
sugar and other substituents of the A- and B-rings, may cause huge changes in their 
sensOlY perception ( e.g. taste). 
One of the most obvious changes observed when certain fruits and vegetables are cut or 
damaged is the rapid browning of the exposed surfaces. This enzymatic browning is 
caused from the oxidation of caffeic acid and its derivatives (compounds containing 0-
dihydroxyl groups) by o-diphenyl oxidase (o-DPO). Although this phenomenon is 
generally undesirable, there are a number of instances where it is desirable, for example 
tea, cocoa and cider all owe their desirable characteristics to oxidised phenolic 
compounds (Swain, 1962). 
Anthocyanins are one of the most important sources of natural food colourants and are 
of great economic importance. Because they are natural they have become especially 
important in recent years with the world wide concern over the harmful effects of 
synthetic food additives. Anthocyanins have many advantages as food colour ants; they 
are naturally occurring, non-toxic and have a wide variety of colours. However, they 
also possess some serious disadvantages which include the fact that anthocyanins are 
chemically unstable, their colour is easily affected by a number of reactions occurring in 
food products, and anthocyanin preparations give about a hundred times weaker colour 
magnitudes than do synthetic colourants (Mazza and Brouillard, 1987). Thus, 
anthocyanin colour is affected by factors including, temperature, pH, light, metals, 
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ascorbic acid, enzymes, sulphur dioxide and copigments (Francis, 1993); some of these 
factors will be discussed later in Chapter 2. 
1.7 Anthocyanin inheritance and genetics in the potato 
The production of anthocyanins and other flavonoids is genetically controlled, but only 
the inheritance and genetics of the anthocyanins have been studied in any detail. It is 
important to understand the genetical aspects of any compound within a species, as well 
as the biochemical aspects, particularly if any genetic manipulation to alter its production 
is envisaged. 
The commercially grown potato is a tetraploid, however most of the work carried out 
into the genetics of Solanum species has been carried out using diploid species because 
they are easier to work with. Therefore, the genetics of both diploid and tetraploid 
cultivated species are discussed here. 
1.7.1 Diploid cultivated species 
Early studies on the inheritance of anthocyanins in diploid species was canied out by 
Dodds and Long (1955) and Harborne (1960a), who carried out thorough studies 
including the identification of pigments from a number of genotypes. Three independent 
loci, designated by P, R and Ac, were shown to be concerned with the type of 
anthocyanin produced in diploid cultivated potatoes. The gene P is responsible for the 
production of purple pigments and controls the production of Dp in both flowers and 
tubers, and when the Ac gene is also present, there is methylation of the Dp to Pt and 
Mv. As well as methylation, the gene Ac is associated with two other effects, the 
acylation of the anthocyanin molecule with p-coumaric acid and the attachment of a 
glucose residue in the 5-position (Howard, 1969). The gene R is responsible for the 
production of red pigments and controls the synthesis of Cy in the flowers and Pg in the 
tubers. There is also another allele at the R locus, which has been designated RPW , and 
controls the production ofPn. 
The distribution of anthocyanins in the various parts of the plant is determined by several 
genes. Thus, in order for a specific plant part to be pigmented, a dominant allele of 
either one, or both of the pigment production genes (P and R) must be present in 
addition to a dominant allele of the respective disttibution gene for that part of the plant 
(de Jong, 1987). Dodds and Long (1956) found three genes B, I and F to be closely 
linked and associated with anthocyanin distribution. The gene I controlled disttibution of 
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pigment to the skin of the tubers, gene F controlled pigment distribution to the flower, 
and gene B consisted of a series of alleles (Ba_Bd) which controlled the distlibution of 
pigment to the floral abscission layer, the eyebrow on the tuber, a band of pigment on the 
node of the hypocotyl of the embryo in the seed, and a band of pigment at each node 
(Dodds and Long, 1956; Howard, 1960). De Jong (1987) proposed an additional gene 
Pf (pigmented flesh) which controls the distribution of anthocyanins to the tuber flesh. 
Gene I was necessary for the expression of the Pflocus. A number of other genes have 
also been described which control the distribution to other parts of the plant (de Jong, 
1991). 
Besides the colour of the tuber, shape is an important tuber characteristic, especially for 
food processors, and de Jong and Rowe (1972) found a linkage between genes for tuber 
shape and skin pigmentation in diploid potatoes. 
1.7.2 Tetraploid cultivated potatoes 
There are a number of early studies on the inheritance of colour in tetraploid potatoes, 
mainly S. tuberosum (Salaman, 1910; Sirks, 1929; Black, 1933). However, there was a 
certain amount of confusion because there was no accepted system for the nomenclature 
and, when reviewing the literature, Swaminathan and Howard (1953) presented a table 
with 17 different hypotheses for genes involved in tuber colour. Tetraploids are found to 
have much more complex genetic ratios and therefore are harder to work with than 
diploids. Howard (1969) considered that ~jor differences were present in anthocyanin 
pigmentation systems between cultivated tetraploids and diploids, however de Jong 
(1991), in an analysis of the recent literature, considered that these differences may be 
due more to differences in the presence or absence of different genes between cultivated 
tetraploids and diploids, and also to the differences in nomenclature of the genes. 
In cultivated tetraploids, the genes P and R are thought to control similar functions as in 
diploids (Howard, 1969; de Jong, 1991). No gene similar to the Ac gene in diploids has 
been characterised in tetraploid potatoes but, since most of the anthocyanins present in 
tetraploids are acylated, a similar gene must exist. As in diploids, there are a number of 
genes which control the distribution of colour in plant parts. In S. tuberosum there is a 
basic gene, D, which is necessary for the development of pigmentation in all plant parts. 
Gene F controls the distribution of anthocyanins to the flower, gene E distributes the 
pigment to the periderm of the tuber with deep colour around the eyes and gene M 
restricts pigmentation of tuber peliderm to areas around the eyes (Howard, 1962; 1964; 
1969; de Jong, 1991). Complementary genes C and I, with a dominant inhibitor Z, have 
been suggested for distribution of pigment to tuber flesh (Howard, 1969). 
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Work has also been carried out with diploid and tetraploid potatoes on the association of 
genes with a specific linkage group and to assign the linkage groups to specific 
chromosomes (Kessel and Rowe, 1974), and more recently to map the loci included in 
anthocyanin inheritance by RFLP (van Eck et ai., 1993; 1994). 
1.8 Reasons for study and outline of thesis 
Potatoes are an important food source worldwide, and consumers are becoming 
increasingly concerned with the appearance of food and the use of natural food 
colourants. For many centuries white coloured potatoes have been preferred, but 
recently an interest towards the coloured varieties has occurred. Novelty chips made 
fi:om purple fleshed varieties are being produced commercially in the USA, and potato 
salads using a mixture of white and purple fleshed tubers are proving popular with 
restaurants and airlines. The major selling point for these products is that the colour is 
natural and is not an additive. 
Coloured potatoes may also prove to be an important source of anthocyanins for natural 
food colour ants. They have a high production of anthocyanin per hectare and may 
become an important source of the red coloured anthocyanins, such as Pg and Pn, which 
are not produced by grapes (which are currently a major source of anthocyanin food 
colour ants ). 
Potato tubers are also of interest to plant physiologists because they produce their 
anthocyanin underground in the dark, whereas many flowers and fruits will not produce 
anthocyanins unless exposed to light. It is also interesting that many "white" tubers will 
produce anthocyanins only after harvest and exposure to light (Black, 1933). 
On the basis of the above, it was of interest to investigate the biochemistry of 
anthocyanins in potatoes, including the biosynthetically closely related classes of 
flavonoids and phenolic acids. Any investigation would not be complete without a full 
study of the precursors and related compounds to provide a complete picture of the 
biochemical pathways. This thesis is divided into a number of chapters. Chapter 2 is 
involved with food colour and the effect of carbohydrates on the colour of antbocyanins. 
Chaptel' 3 is concerned with the identification of anthocyanins, flavonoids and phenolic 
acids present in potatoes, and a survey of these compounds from a number of S. 
tuberosum cultivars and Solanum species was carried out. Composition and 
concentration of phenolics ::from the different S. tuberosum cultivars and Solanum 
species, and different plant organs were compared, and related to the anthocyanin 
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concentration, to estimate the flow of metabolites through the various pathways (e.g. 
anthocyanin, flavonol, etc). Stndies of the enzymes involved in flavonoid biosynthesis in 
tnbers were carried out, and the differences between white, red and purple coloured 
tnbers examined. Changes in anthocyanin, flavonoid and phenolic acids concentrations 
during the development and storage ofthe tuber were studied in Chapter 4, together with 
the distribution of anthocyanin pigments within the tnber. The biosynthesis of the 
flavonoids was investigated further in the fifth chapter. Tissue-cultured minitnbers were 
used to study the effect of light on flavonoid biosynthesis and enzyme activities, and 
attempts were made to answer the question of "Why do tnbers produce anthocyaninsin 
the dark?". In the sixth chapter, studies on the location of anthocyanin pigmented cells in 
various coloured cultivars were carried out. The seventh chapter details a number of 
experiments designed to investigate the effect of various cooking procedures on the final 
colour of purple fleshed potatoes, with a final, overall concluding discussion in 
Chapter 8. 
CHAPTER 2 
The role of anthocyanins in food colour and 
the effed of carbohydrates on anthocyanin colour 
2.1 Introduction 
29 
Three major factors which influence consumer preference in food and food products are 
colour, flavour and texture. Others fitctors include price, freShness, packaging, impulse 
buying, etc. Colour is one of the most important attributes, both for its intrinsic, 
aesthetic value and its value as an indicator offood quality. Food selection or judgement 
of quality would be extremely difficult if colour discrimination was removed. By the 
process of experience, people learn what colours to expect and consider natural and 
desirable, and may be able to predict what properties a food or beverage will have from 
their knowledge of similar materials. 
2.1.1 Factors affecting food colour 
Anthocyanins are important in the appearance of many fiuits, red wines, fruit juices, 
jams, some vegetables, and many other food products. Many factors affect the colour of 
anthocyanins and therefore food colour. Some of the most important ±actors are 
discussed below. 
2.1.1.1 Nature of the anthocyanin 
The degree of hydroxylation and methoxylation of the B-ring affects the colour of 
anthocyanins. As the number of hydroxyls increases, the colour becomes bluer, and the 
substitution of these hydroxyl groups with methyl groups reverses the trend to a darker 
red colour (Figure 2.1). Hydroxyls attached to the A- and C-rings of the anthocyanin 
molecule are also important in determining colour (Stafford, 1990). Glycosylation and 
acylation may also affect the colour of anthocyanin pigments to some degree, but are 
usually more important in providing stability to the molecule. Anthocyanin molecules 
tend to be unstable, but glycosylation of the hydroxyl at position 3 on the C-ring 
increases stability, which is possibly why all anthocyanins, in vivo, are glycosylated at this 
position. Anthocyanins containing two or more aromatic acyl groups are extremely 
stable, whereas monoacylated anthocyanins do not display such a degree of colour 
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stability. Brouillard (1982) has suggested that the presence of hydrophobic interactions 
between the flavylium C-ring and the aromatic pOltions of the acyl groups protects the 
flavylium ring from nucleophilic attack by water, and proposed that in anthocyanins 
containing two acyl groups, one acyl group is situated above the flavylium ring and the 
other beneath it. 
HO 
OH 
Hydroxylation 
(increasing blue 
colour) 
--@)-OH 
1 
Pelargonidin (scarlet) 
OH 
OH __i>_ 
Cyanidin 1 (Crim:) 
~H 
OH 
Delphinidin 
(blue-vio/et) 
Methylation (increasing red 
colour) 
Peonidin (rosy-red) 
~OH 
OCH3 
Petunidin 
(purple) 
--®f:H 
OCH3 
Malvidin 
(mauve) 
Figure 2.1 Effect of hydroxylation and methylation of the B-ring on the colour of anthocyanins. 
2.1.1.2 pH 
pHhas a large effect on the colour of anthocyanins (Figure 2.2) because the three species 
of water (i.e. H+, OH- and H20) are highly reactive towards anthocyanins. Thus, the 
solvent (water) plays an important role in influencing both the stability and reactivity, as 
wen as the spectral properties of the various structures adopted by anthocyanins in 
aqueous solutions. In acidic aqueous solutions, four species of anthocyanin molecule 
may exist in equilibrium:- the quinonoidal base A, the flavylinm cation AH+, the· 
pseudobase (or carbinol) PB, and the chalcone C (equations (i)-(iii» (Brouillard, 1982; 
Chen and Hrazdina, 1982). 
A +H+ 
PB+H+ 
C 
acidlbase equilibrium 
hydration equilibrium 
equation 
(i) 
(ii) 
ring/chain tautomelic equilibrium (iii) 
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pH 1.5 2.0 2.5 3.0 3. 5 4.0 4.5 
Figure 2.2 EfT; ct of changing pH frOIll pH 15 to pH 5.0 on the 
colour of delphinidin-3,S-diglucoside. 
5.0 
Inter-conversion b tween the e structure (A, Af-I - and PS) may lake place as hown ill 
Figur .3 below. 
OH OH 
OH OH 
HO HO 
OH OH 
AH· PB 
pH 2 
A 
pH 4 
OH 
figure 2.3 Effect of pH upon the structure of cyanidin (after Brouillard, 1C)82) 
Only reactions occurring at acidic pH (equations i and ii) are considered here 
A = qll lllolloidal bas , H+ = flavylIul11 cation and PB = pseudobase 
OH 
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In most higher plants the pH of a mature vacuole is acidic, and a survey of many flowers 
has shown that the pH of the vacuole ranges from 2.5-7.5 (Stewart et al., 1975). For the 
most acidic cells, pigmentation is probably due to the highly coloured flavylium form 
(AH+) alone, whereas in the range pH 3-4, both the flavylium cation and the neutral 
tautomer (A) may contribute to colour, whilst at pH 4-6 the neutral tautomers dominate 
because of deprotonation of the flavylium cation (equation i) (Brouillard, 1982). Thus, 
pH is a major factor in the production of anthocyanin colour (Brouillard, 1982; Chen and 
Hrazdina, 1982). 
2.1.1.3 Co pigmentation 
At the pH of cell vacuoles, anthocyanins may form hydrogen bonds with other molecules 
which cause an increase in the colour of the anthocyanin, and a bathochromic shift of the 
visible A-max, thus resulting in the "blueing" of red shades. These molecules are called 
copigments and often have little or no colour by themselves. Copigments are often 
phenolic in nature and include flavonoids, polyphenols, alkaloids, amino acids, organic 
acids and anthocyanins themselves. The mechanism of copigmentation has been 
reviewed in detail by Brouillard (1983) and Brouillard et al (1989). Copigments are 
thought to act by protecting the flavylium ring against attack by water, and the removal 
of water displaces the hydration/dehydration equilibrium towards the coloured species 
(AH+, equation ii). The intensity of the copigment effect has been shown to be 
dependent upon both the type and concentration of the anthocyanin and copigment, the 
pH of the medium, temperature, and solvent· (copigmentation only occurs in aqueous 
solutions) (Mazza and Brouillard, 1990). 
2.1.1. 4 Self-association 
Self-association of anthocyanins IS a form of copigmentation occurring between 
anthocyanin molecules in solution. It was first postulated by Asen et al. (1972) to 
explain why the absorbance of a cyanidin solution deviated from the Beer-Lambert Law 
with increasing concentration. Vertical stacking occurs in anthocyanins, especially those 
with sugars at both the 3 and 5-positions, and this protects the flavylium ion fl:om 
hydrolytic attack (Harborne, 1988). Therefore, as a result of this self-association, the 
colour may increase more than proportionally to pigment concentration and the typical 
bathochromic shift of copigmentation is also observed (Timberlake, 1980). 
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2.1.1.5 Metal complexing 
Anthocyanins may also form complexes with metals, which causes similar bathochromic 
shifts as copigmentation. However, metal complexes can only occur in those 
anthocyanins containing o-dihydroxyl groups {cyanidin (Cy), delphinidin (Dp), and 
petunidin (Pt)) (Jackman et al., 1987). Magnesium (Mg2+) has been found to be 
involved in the pigment complex, commelinin, from blue flowers of Commelina 
communis (Osawa, 1982), and the blueing of the red sepals of Hydrangea macrophylla 
has been shown to be the result of the complexing of the anthocyanin with aluminium 
(Harborne, 1988). Jurd and Asen (1966) found that in the presence of metal ions (e.g. 
AP+), chlorogenic acid and quercetrin acted as copigments in anthocyanin solutions 
whereas, in the absence of metals, chlorogenic acid and quercetrin had no measurable 
effect on the colour or stability of the anthocyanin. The addition of copper, iron, tin and 
aluminium ions to cranberry juice provided greater stability for anthocyanins (Starr and 
Francis, 1973). The relatively good stability of metal-anthocyanin complexes has led to 
the suggestion that they be used as food colourants (Francis, 1989), however the overall 
colour changes produced with metal ions are often undesirable, with green or brown 
colours produced in the reaction of the metal ions with other food substituents (Starr and 
Francis, 1973). 
2.1.2 Factors affecting the degradation of anthocyanins in foods 
There are a large number of factors which reduce the colour of anthocyanins and 
therefore affect food colour. A brief review of some of these factors is given below. 
2.1.2.1 Temperature 
The effect of temperature on anthocyanins has been well studied because of its obvious 
importance to the quality of food. All studies have found that anthocyanins show a rapid 
decrease at high temperatures (reviewed in Francis, 1989). Markakis et al. (1957) 
reported that pigments in strawberry preserves had a half-life of only one hour at 100°C, 
and recommended a short timelhigh temperature process as best for pigment retention 
when processing foods. The first step in the thermal degradation of anthocyanins is the 
removal of the glycosidic sugars by hydrolysis, followed by the degradation of the 
anthocyanidin (Timberlake and Bridie, 1966). It has been suggested that the path of 
thermal degradation of anthocyanins is via the chalcone, and Brouillard (1982) found that 
highel' temperatures favoured the conversion of the anthocyanin to the open ringed 
chalcone and, after ring opening, subsequent degradation of the chalcone lead to the 
formation of brown products. 
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2.1.2.2 Sugars and their degradation products 
The role of free sugars in the medium on anthocyanin degradation is very complex, but 
generally the presence of sugars increases the degradation of anthocyanms over time. 
Meschter (1953) was the first to show that, in the presence of sugars, the rate of pigment 
breakdown was associated with the rate at which the sugar was degraded to furfural-type 
compounds. These compounds, furfural (from aldo-pentoses) and 5-hydroxy-
methylfurfural (HMF, from keto-hexoses), may be formed via the Maillard reaction, or 
by the oxidation of ascorbic acid, polyuronic acids, or even anthocyanms themselves 
(Jackman et al., 1987). Other workers (Daravingas and Cain, 1968; Debicki-Pospisil et 
al., 1983) also found that furfural and HMF accelerated the rate of anthocyanin 
degradation and may condense with anthocyanins to form complex brown coloured 
compounds. 
2.1.2.3 Ascorbic acid and oxygen 
Ascorbic acid and anthocyanins interact causing the conCllTent disappearance of both 
compounds which reduces both the appearance and nutritive value of foods. It is 
thought that the oxidative products of ascorbic acid, rather than ascorbic acid itselL are 
important in anthocyanm destruction (Jackman et aI., 1987). The presence of 02 also 
accelerates the degradation of anthocyanins and it has been shown that the preparation of 
food products under N2 or vacuum reduced the anthocyanin decomposition (Francis, 
1989). 02 may cause deleterious effects on anthocyanins through a direct oxidative 
mechanism andlor through indirect oxidation of other constituents in the medium (e.g. 
ascorbic acid) which are then capable of reacting with the anthocyanins to yield 
colourless or brown products (Jackman et aI., 1987). 
2.1.2.4 Enzymatic degradation 
Anthocyanms can be degraded by an number of enzymes found in plant tissue including 
glycosidases and diphenol oxidases (DPO's; phenolases) (Francis, 1989). Glycosidases, 
sometimes called anthocyanases, hydrolyse the anthocyanms to sugars and 
anthocyanidins, which are unstable and degrade to colourless derivatives. DPO enzymes· 
are found throughout the plant kingdom and, in the simplest example, oxidise 0-
dihydroxyphenols to o-quinones. The quinones may react with each other or a number 
of other compounds, such as proteins or amino acids, to form brown polymers (Francis, 
1989). DPO's can react directly with anthocyanins, but the reaction is usually more 
pronounced when other phenolics, which are better substrates for this enzyme, are also 
present, and a system of sequential co-oxidation reactions, resulting in anthocyanin 
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degradation, is thought to occur (Peng and Markakis, 1963). Glycosidases and DPO's 
can be inactivated in a number of ways, including blanching (Siegal et al., 1971; 
Wrolstad et al., 1980), inhibition by a range of inhibitors, for example, sulphur dioxide, 
sodium metabisuJphite, dithiothreitol, phenylhydrazine, and cysteine (Cash et al., 1976; 
Siddiq et al., 1994; Walker, 1995). 
2.2 Effect of carbohydrates on anthocyanin colour 
During the present work with coloured potato tubers it was noticed that extracts of 
anthocyanins often decreased in colour after extraction. Figure 2.4 shows the decrease 
in colour occurring over a 2min period after the extraction solvent (15% acetic acid in 
methanol) was added to ground Urenika tuber tissue. TIlls decrease was in marked 
contrast to flower (Camellia, Delphinium, mallow) extracts, and it was thought that the 
high levels of starch present in tubers might be responsible for this effect. Because many 
natural pigments in plant foods co-exist with a variety of saccharides, which may affect 
the structure and stability of the pigments, these saccharides could playa role in the final 
colour of food products. Therefore, it was considered of interest to investigate more 
fully the effect of various carbohydrates, including monomers and polymers, on the 
spectral properties of anthocyanins. 
2.2.1 Review of carbohydrates used in study 
Some relevant properties of the selected plant and food carbohydrates used in this study 
are summarised below. 
In most plants starch contains about 20-25% amylose (AM) and 75-80% amylopectin 
(AP). AM consists of essentially linear chains of a-(1,4) linked glucose with occasional 
a-(1,6) branch points (Morrison and Karkalas, 1990). AM exists as a helical structure 
(Figure 2.5a), with six successive glucose units per revolution and a 5A wide cavity in 
the centre of the helix, and therefore it can form inclusion complexes with a number of 
compounds such as, alcohols, fatty acids and iodine (Teitelbaum et al., 1978; 1980)' AP 
(Figure 2.5b) consists ofa-(1,4)-glucan chains joined by numerous a-(1,6)-branchpoints· 
which disrupt helix formation, and only the short linear chains are capable of forming 
helices (Kennedy and White, 1979). 
e 
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Figure 2.4 Decrease in colour of grOlmd Urenika tuber tissue at a) powder grOlmd in 
liquid N 2, before extraction solvent was added, b) 5- lOs , c) 20s, d) 40s e) 60s 
and f) 120s, after the acidic methanol extraction solvent was added. 
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amylose 
amylopeCllrl 
Figure 2.5 A schematic representation of a small part of amylose and amylopectin 
(from Salisbury and Ross, 1992). 
Cyc10dextrins (CDs) are cyclic oligo saccharides containing a~(1,4)-linked glucose units; 
the most common are a-cyc1odextrin (a-CD) (cyc1ohexaamylose) and l3-cyc1odextrin 
(I3-CD) (cyc1oheptaamylose) which have 6 and 7 glucose units respectively (Figure 2.6) 
(Saenger, 1980; Brouillard et al., 1989; Chandra et al., 1993). The less common 1-
cyc1odextrin, containing eight glucose units, was not used in this study. In solntion, a 
cyc10dextrin (CD) molecule has a tubular form with an inner diameter of 6A for a-CD 
and 7.5A for I3-CD. They can form reversible inclnsion complexes with smaller 
molecules (often phenolic substances) which fit into the cavity (in both the solid and 
liquid state). Irwin et al. (1994) found that both 0'.- and I3-CD formed inclnsion 
complexes with chlorogenic acid, a major phenolic acid found in potato tubers. CD's are 
known to bind readily to molecules regardless of solvent environment, which is in 
marked contrast to copigmentation effects which occur only in aqueous systems 
(Brouillard et al., 1989; Chandra et al., 1993). 
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ex - cyclodextrin ~ - cyclodextrin 
Figure 2.6 Structures of a- and f3-cyclodextrin (from Szejili, 1978). 
Pectins are major components of plant tissues, comprising a substantial proportion of the 
parenchyma offleshy roots (Coultate, 1989). and represent 0.36% of the fresh weight of 
potato tubers (Robinson, 1987). Pectin is a mainly linear polymer composed of esterified 
galacturonic acid residues, linked by a-(1,4) glycosidic bonds (Belitz and Grosch, 1987; 
Robinson, 1987). 
Polydextrose (PolyD) is a synthetic molecule composed almost entirely of randomly 
cross-linked glucose polymers with a-(1,6) bonds predominating. It is used in foods as a 
reduced calorie, bulking and texturising agent, and as a substitute for sugar and fat 
(Leibrand et al., 1985). 
2.3 Materials and methods 
2.3.1 Preparation of anthocyanins 
A range of anthocyanins were prepared from freeze-dried strawberries (Fragaria 
ananassa) (pelargonidin-3-glucoside (Pg-3-glu», Delphinium spp petals (delphinidin-3-
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glucoside (Dp-3-glu) and delphinidin-3,5-diglucoside (Dp-3,5-glu», fresh mallow 
(Malva sylvestris) petals (mainly malvidin-3,5-diglucoside (Mv-3,5-glu» and potato (S. 
tuberosum) tubers, cultivars Red Flesh (mainly pelargonidin-3-p-coumaroyl-rutinoside-5-
glucoside (Pg-RF) and Urenika (mainly malvidin-3-p-coumaroyl-rutmoside-5-glucoside 
(Mv-U». Plants tissues were extracted with 15% acetic acid in methanol and the 
anthocyanins chromatographed on a column of C18, eluted with 60% (v/v) methanol, 
evaporated to dryness in vacuo, and re-dissolved in H20. The pH of the anthocyanin 
solutions was adjusted (with HCI or NaOH) to pH 2 and pH 4, giving a final absorbance 
(at "'max) of 0.6 to 1.0 at pH 2, or 0.4 to 0.8 at pH4. 
Two anthocyanin standards, cyanidin-3-rutinoside (Cy-3-rut) and malvidin-3-glucoside 
(Mv-3-glu) were obtained from Plantech (UK). The anthocyanins used in this study are 
listed in Table 2.1. 
Table 2.1 Source of anthocyanins. 
Anthocyanin Source Amax (nm) 
Cy-3-rut standard (Plantech, UK) 512 518 
Dp-3,5-glu delphinium flowers 534 568 
Dp-3-glu delphinium flowers 536 570 
Mv-3-glu standard (Plantech, UK) 518 526 
Mv-3,5-glu mallow flowers 540 546 
Pg-3-glu strawberry fruit 498 498 
Pg-RF potato tubers, cv. Red Flesh 504 518 
Mv-U potato tubers, cv. Urenika 524 538 
2.3.2 Preparation of carbohydrates 
Solutions of the following carbohydrates were prepared by dissolving in H20 followed 
by adjustment to pH 2 or 4: 1.5% AP, 3% a-CD, 3% f3-CD, 1.5% pectin, 3% PolyD, 
50% sucrose, 50% glucose, 50% fructose, and 50% maltose (all as w/v). Solutions of 
1.5% AM were prepared by dissolving initially in 50% (w/v) KOH and then the pH was 
adjusted with Hel (with the .final concentration of KOH being 12.5%). All reagents, 
except PolyD (Pfizer, USA), were supplied by Sigma (USA). 
2.3.3 Spectrophotometric assay 
For the spectrophotometric assays, equal amounts (25 o Ill) of anthocyanin and 
carbohydrate solutions were mixed and the spectra (blanked against carbohydrate 
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solution) recorded after 60min. Controls (without added carbohydrate) contained 250111 
anthocyanin plus 250J.ll distilled H20 (or KOHlHCl blank for AM) (at pH 2 or 4). 
Resuhs are presented as a percentage of the control absorption at its visible ""max' 
Spectra were recorded on a Hewlett Packard 8452A diode-array spectrophotometer. 
2.4 Results 
The purity of the two anthocyanin standards, cyanidin-3-rutinoside (Cy-3-rut) and 
malvidin-3-glucoside (Mv-3-g!u), was confirmed by HPLC (refer to Section 3.3.3.2 for 
method). Each plant extract was also analysed by HPLC and found to contain one or 
two major anthocyanins, and also phenolic acids and other flavonoids. The phenolic 
acids and other flavonoids (besides anthocyanins) did not appear to have any obvious 
effect on the results, because similar reactions with the carbohydrates were found 
whether using anthocyanin extracts, containing flavonoids and phenolic acids, or the pure 
anthocyanins. 
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Figure 2.7 Time course of colour disappearance after addition of p-cyciodextrin (P-CD) to 
a) malvidin-3,5-diglucoside and b) cyanidin-3-rutinoside. 
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Figure 2.8 Spectra ofmalvidin-3,5-diglucoside (Mv-3,5-glu) and cyanidin-3-rutinoside (Cy-3-
rut) at pH 4.0 in presence or absence of ~-cyclodextrin (~-CD). 
The loss of colour was time-dependent, and the rate of colour loss was dependent on the 
identity of the anthocyanin. This was shown, for example, by the difference in the rate of 
colour loss after the addition ofl3-CD to Mv-3,5-glu and Cy-3-rut, where the addition of 
I3-CD to Mv-3,5-glu initially showed a rapid decrease in colour followed by a much 
slower decrease (Figure 2.7a) whereas, when I3-CD was added to Cy-3-rut, the 
absorbance decreased almost linearly to 30-40min before levelling out and becoming 
stable (Figure 2. 7b). For all anthocyanins the resultant colour was stable after 60min. 
As examples, representative spectra showing Cy-3-rut (standard) and mallow extract 
(mainly Mv-3,5-glu), both without (control) and with I3-CD are given in Figure 2.8 
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which shows the decrease in absorbance at 60min after the addition of f3-CD. There was 
a significant decrease in absorbance in the visible region, but there was no change in the 
Amax value of either pigment. Figs 2.9a-e show the effect of added AM, AP, a-CD, 
f3-CD and glucose on a range of anthocyanins at pH 2 and 4. The other anthocyanins 
tested (summarised in Table 2.2) displayed similar reactions to these, with the same 
aglycone as those tested, after addition ofthe carbohydrate. 
In. the presence of AM, a-CD and f3-CD there were significant decreases in absorbance 
at the visible Amax at pH 4, compared with that in the absence of these carbohydrates 
(control), although the magnitnde of the decrease varied, depending on the identity of the 
carbohydrate and also the anthocyanin (Figure 2.9a, c and d). The effect of added AP at 
pH 4 depended on the identity of the anthocyanin (Figure 2. 9b ). The addition of AM, 
AP, a-CD and f3-CD to the anthocyanins at pH 2 all caused a decrease in colour, 
compared with that in the absence of added carbohydrate (control), but this decrease in 
colour (as a percentage of the control) was typically smaller at pH 2 than that which 
occurred at pH 4 (Figure 2.9a-d). By contrast to these polysaccharides, the addition of 
glucose resulted in an increase in absorbance at pH 4, and only a small increase or no 
significant change at pH 2 (Figure 2.ge). The results for sucrose (not shown) were 
similar to the results presented in Figure 2.ge for glucose, whilst maltose (not shown) 
also showed only a small increase or no significant change at pH 2, but showed twice the 
increase compared with that of glucose at pH 4. Resuhs with all carbohydrates are 
summadsed in Table 2.2. Polydextrose and fructose showed no significant effect at 
either pH, whilst pectin showed a change only at pH 4. Essentially similar results were 
obtained with anthocyanins from different sources. The degree of colour change 
appeared to be related primarily to the identity of the anthocyanin aglycone and only 
secondarily to its sugar substitution andJ or acylation pattern, since similar changes in 
colour were found for anthocyanins with the same aglycone, but not those with similar 
sugar and acylation substitntion patterns (Figure 2.9 and Table 2.2). However, further 
work needs to be carried out to confirm this because only a limited number of 
anthocyanins were used in this study. 
In all cases there was no change in Amax, only a change in the intensity of absorbance. 
The fading effect was dependent on both the anthocyanin and carbohydrate 
concentration. For example, increasing anthocyanin concentration (Mv-3,5-g1u) caused 
a smaller proportional decrease in absorbance compared with the control (FiguTe 2.10), 
and increasing f3-CD concentrations caused a larger decrease in absorbance ofMv-3,5-
g1u (Figure 2.11a) and Cy-3-rut (Figure 2. 11b). 
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a, Effect of Amylose b, Effect of Amylopectin 
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Figure 2.9 Effect of added carbohydrate on colour of anthocyanms at pH 2 or 4. a) amylose 
(AM), b) amylopectin (AP), c) a-cyclodextrin (a-CD), d) p-cyclodextrin (P-CD) and 
e) glucose. Results are presented as % change in absorbance at "max' 
Error bars represent ± 1 standard error. 
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Table 2.2 Change in anthocyanin colour (as AA% compared with control) 
in the presence of carbohydrate. 
Carbohydrate MatpH2 ~AMp~H~4 ____________ __ 
Amylose* 
Amylopectin* 
3-7 % decrease 
2-7% decrease 
45-58% decrease 
Dp 37% decrease 
Cy and Pg 0-5% increase 
a-cyc1odextrin * 
~-cyc1odextrin * 
Polydextrose 
Pectin 
no change 
0-5 0% decrease 
no change 
no change 
Mv 15% decrease 
5-35% decrease 
10-45% decrease 
no change 
Dp 20% decrease 
Cy, Pg and Mv 10-20% increase 
Sucrose 0-4% increase 10-18% increase 
GJucose* 0-5% increase 10-18% increase 
Fructose no change no change 
Maltose 0-5% increase 20-45% increase 
""K=O=HJH=-==C=1"--__ .~ __ n~o~ch~an=g;:>"'e'-------.::-0.:50% increase 
* see Figs 2.9a-e for more detail 
Cy = cyanidin 
Dp delphinidin 
Mv = malvidin 
Pg = pelargonidin 
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Figure 2.10 Effect of increasing concentrations of malvidin-3,5-diglucoside extract 
on the colour produced in a reaction with p-cyc1odextrin (P-CD) at pH 4. Error bars 
represent ± 1 standard error. Each assay solution contained 250/l1 p-CD, plus the stated 
amount ofmalvidin-3,5-diglucoside extract, with each assay solution made up to 500/l1 with water 
at pH 4. Controls contained water at pH 4 instead of P-CD (at each anthocyanin concentration). 
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Figure 2.11 Effect of increasing p-cyc1odextrin (P-CD) concentrations at pH 4 on 
a) malvidin-3,5-diglucoside extract and b) cyanidin-3-rutinoside standard. 
Error bars represent ± 1 standard error. Each assay solution contained the anthocyanin plus the 
stated concentration of p-CD. Controls contained water at pH 4 instead of p-CD. 
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2.5 Discussion 
From Table 2.2 and Figure 2.9 a-e it may be seen that the addition of AM, AP, a-CD 
and f)-CD resulted in significant decreases in anthocyanin colour, with AM and f)-CD 
showing the largest effects. The a-CD molecule has a smaller inner diameter than f)-CD 
and appeared to be less efficient at fonning inclusion complexes with anthocyanins. AP 
is a much more highly branched molecule than AM and can only form helical structures 
within the unbranched straight chains of the molecule. Therefore, if the colour decrease 
was caused by the inclusion of the anthocyanin within the helix, the lower number of 
helices formed by AP may account for the smaller decrease in anthocyanin colour shown 
when AP was added compared with when AM was added. 
The "fading" effect of anthocyanins with added a-CD and f)-CD has also been repOlted 
by Yamada et al. (1980) who examined the interaction of these CD's with three 
anthocyanins [Pg-3-glu, Cy-3-glu and Dp-3-(4-(P-coumaroyl)-L-rha-(1,6)-glu)-5-glu]. 
In their expeliments, each anthocyanin was adjusted to pH 2 and added to varying 
concentrations of a- or f)-CD. In summary, their addition of f)-CD resulted in the fading 
of two anthocyanin solutions (Pg-3-glu and Cy-3-glu), and this effect was increased with 
higher concentrations of f)-CD. Addition of a-CD resulted in a fading effect only for Pg-
3-glu and this was less than that measured for f)-CD. No change in "'max was observed. 
Yamada et al. (1980) also investigated the effect of amylose (dissolved in 33% DMSO) 
on these anthocyanins, and found that the addition of AM only affected the fading ofPg-
3-glu, but the extent of this effect could not be determined due to immediate AM 
precipitation. The precipitation of AM from DMSO solutions was also observed in our 
experiments, but was overcome by initially dissolving AM in 50% KOH and then re-
adjusting the pH to 2 or 4. This procedure resulted in the AM remaining in solution and 
retaining its helical structure, as shown by its charactetistic reaction with KIlI2 solution. 
Yamada et al. (1980) postulated that the fading phenomenon of anthocyanins in the 
presence of AM and CD's was caused by the conversion of the flavylium ion into the 
pseudobase in two steps:- 1) the formation of an inclusion complex of the anthocyanin 
with the CD, and 2) conversion of the flavylium ion to the pseudobase by a catalytic 
action of the CD. 
The addition of the KOH/HCl control solution caused an increase in colour in most 
anthocyanins at pH 4. The increased absorbance is thought to be due to decreased water 
availability (i.e. water activity), and therefore the hydration equilibrium was driven 
towards the coloured flavylium cation rather than the colourless pseudobase. Goto et al. 
(1976) reported that anthocyanin quinonoidal bases, as well as the flavylium ions were 
strongly stabilised and did not form colourless pseudobases by hydration when dissolved 
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in concentrated aqueous solutions of neutral salts such as MgCl2 and NaC!. It has been 
suggested that colour stabilisation in NaCl may be due to promotion of self-association 
of anthocyanins whilst the stabilisation of MgCl2 may be due to a reduction in the 
concentration of free water by hydration of the magnesium ions (Mazza and Miniati, 
1993). It is suggested that the increase in colour after the addition of KOHlHCl in these 
present experiments may be due to one of these reasons. 
Recently Chandra et al. (1993) reported that the addition of 0.8-1.6% ct- and ~-CD's to 
anthocyanins extracted from tart cherries had a "stabilising effect" on the anthocyanins, 
with ~-CD having the largest effect. Juice samples containing these cyc10dextrins 
retained higher levels of anthocyanins after 12 weeks of storage than did solutions 
without added cyclodextrins. This stabilisation of anthocyanins was thought to occur 
because the anthocyanin was protected from attack (by water, O2, furfural, enzymes etc.) 
by being in the inclusion complex. If this is so, then starch (especially amylose) might 
also be expected to exhibit a similar protective effect, which could be useful in the long 
term storage of foods containing anthocyanins. However, Chandra et al. (1993) did not 
mention if there was any colour change (increase or decrease) after the CD's were added, 
so it is not certain how this result from the work of Chandra et al. (1993) relates to the 
decrease in anthocyanin colour after the addition of CD's which was found here. 
The absorbance of anthocyanins (compared with that of the control) increased when 
glucose, sucrose or maltose were added. This maybe due to a decrease in water activity. 
Anthocyanin colour is known to increase upon the removal of water by displacement of 
the hydration-dehydration equilibrium (equation ii and Figure 2.3) towards the coloured 
species (Brouillard, 1983). It has been found also that sugar molecules are effective at 
binding water (Coultate, 1989). There was no change in Amax in the reactions of any of 
the anthocyanins when these sugars were added. Therefore, this increased colour was 
probably not due to a copigmentation effect because, typically, copigmentation causes a 
bathochromic shift in the visible Amax of all anthocyanins, as well as the increase in 
absorption. 
The effect of pectin was inconsistent; with Mv and Pg-glycosides it caused a small 
increase in colour, whereas with Dp-3,5-glu it led to a small decrease in colour. It 
appears that the effect of carbohydrates on anthocyanin colour may depend on the 
identity of the aglycone. Asen et al. (1972) have reported that pectin may act as a 
copigment, so further studies into the effect of pectin are required, especially given that 
jams and a number of other coloured food products contain significant concentrations of 
pectin. 
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The effect of carbohydrates (e.g. AM, AP, a-CD, ~-CD, glucose, sucrose and maltose) 
on anthocyanin colour was more dramatic at pH 4 than at pH 2. Although this was due 
partly to the greatly reduced absorbance of the anthocyanins at pH 4, it is also thought to 
be caused because at pH 2 the anthocyanins exist in the flavylinm form, whereas at pH 4 
the anthocyanin becomes hydrated and therefore loses colour. 
Therefore, because the pH of plant vacuoles is acidic, it is possible that the presence of 
carbohydrates in the vacuole may have an effect on the colour shown by the 
anthocyanins. These results are obviously going to be of importance to the food industry 
and quality control of food products because, in fruit juices and other food products the 
colour of anthocyanins could be affected by the levels of starch and sugars, as well as the 
pH and copigments present. This is especially impOltant in products such as jams, where 
there are high concentrations of sugars and pectins and the pH is critical, as well as other 
products such as fruit juices and purees. This phenomenon is potentially important for 
industries which rely on the natural colour of anthocyanins to produce food products 
with pleasing appearances. 
This work has been published (Lewis et al., 1995) and a copy of this paper is shown in 
Appendix 5. 
CHAPTER 3 
Identification and quantitative determination of the anthocyanins, 
flavonoids and phenolic acids in Solanum tuberosum cultivars and 
other Solanum species 
3.1 Introduction 
49 
The major focus of this project was on the biosynthesis of anthocyanins, so it was 
necessary to include a study of the precursors (phenolic acids) and related compounds 
(flavonoids). There has been no comprehensive study of all of these compounds in S. 
tuberosum, although Harborne (1960a and b; 1967) studied anthocyanins and flavonoids, 
and Wietsche1 and Reznik (1980a and b) studied flavonoids, in a number of Solanum 
species, and a number of workers have studied phenolic acids in S. tuberosum cultivars 
(Sosulski et al., 1982; Lyon and Barker, 1984; Malmberg and Theander, 1985; Kumar 
et aI., 1991; Ramamurthy et al., 1992; Onyeneho and Hettiarachchy, 1993; de Sotillo 
et ai., 1994a an.d b). In this chapter, the quantities of phenolic acids, flavonoids and 
anthocyanins in a number of S. tuberosum cultivars with a range of different coloured 
tubers, and tubers with different intensities of colour were measured. This was carried 
out to determine if any relationships between the concentrations of these compounds 
existed, and to provide insight into the biochemical relationships of these compounds. 
Analysis of the phenolic acids, flavonoids and anthocyanins in flowers and leaves was 
also carried out, to determine whether or not these organs had similar regulation of 
anthocyanin and flavonoid biosynthesis as tubers. Enzyme activities from tubers for a 
number of enzymes involved in the phenylpropanoid and flavonoid pathways were 
measured, and the activities compared with the concentrations of anthocyanins, 
flavonoids and phenolic acids. 
A number of other Solanum species were also analysed to determine if there were any. 
taxonomic differences between these species and S. tuberosum, that is, whether there 
were differences in substitution patterns of the B~ring andJorin glycosylation or acylation 
patterns, or in quantities of compounds. The analyses of diseased tubers were also 
included in this chapter. Infection by pathogens and wounding is known to alter the 
production of phenolics in many plants (Hahlbrock and Schee~ 1989), including potatoes 
(Kuc et al., 1956; Kuc, 1957; Lee and Le Tourueau, 1958; Friend et al., 1971) It was 
Note that throughout this chapter, the term "flavonoid" refers to all the classes of flavonoid compounds 
except for the anthocyanins, as these are reported and discussed separately from the other flavonoids. 
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thought that analysis of diseased tubers may provide some insight to the biochemistry of 
these pathways. 
Before any investigation into the biochemistry of phenolics could be carned out, it was 
necessary to first establish suitable methods for the analysis of these compounds, a large 
part of which was the identification of the compounds found in potato plants. Therefore, 
in this chapter the results section is split into two parts. Part one describes the 
identification of anthocyanins, flavonoids and phenolic acids, in tubers (skin and flesh), 
flowers and leaves, in S. tuberosum and the other Solanum species. In palt two, the 
quantitative measurement of these compounds in tubers (skin and flesh), flowers and 
leaves of thirty cultivars of S. tuberosum, and also another eight Solanum species is 
reported, and the effect of disease on the concentrations of these compounds was 
investigated. The activities of a number of enzymes involved in the phenylpropanoid and 
flavonoid pathways were measured, and correlated with concentrations of anthocyanins, 
flavonoids and phenolic acids in the tubers of five S. tuberosum cultivars. Both parts of 
this chapter are discussed together in Section 3.6, the discussion. 
3.1.1 Methods of identification of anthocyanins and flavonoids 
3.1.1.1 Extraction 
Phenolics and flavonoid aglycones (polyphenolics) are slightly acidic, and therefore 
dissolve most easily in alkaline solvents. ,However, most flavonoids, especially the 
anthocyanins, will degrade in alkali, particularly in the presence of 02 (Markham, 1982). 
The more polar flavonoids, possessing a number ofunsubstituted hydroxyl groups or a 
sugar, are generally soluble in polar solvents such as ethanol, methanol, acetone, 
dimethyl sulphoxide and water. The presence of an attached sugar tends to make the 
flavonoid more water soluble, and combinations of the above solvents with water are 
better solvents for glycosides. In contrast, less polar aglycones, such as isoflavones, 
flavanones, and highly methoxylated flavones and flavonols tend to be more soluble in 
solvents such as ether and chloroform (Markham, 1982). 
For the extraction of anthocyanins it is essential to include an acid in the extraction 
solvent because anthocyanins are only stable under acidic conditions. The most 
commonly used solvent for anthocyanin and flavonoid extraction is HCl (usually 0.1-
1.0%) in methanol or ethanol (Francis, 1989). However, extraction with solvents 
containing HCI may result in degradation of these compounds, especially when acylated, 
due to the low pH. To avoid degradation it is advisable to use solvents containing 
weaker acids such as acetic, tartaric or citric acid (Strack and Wray, 1989). 
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3.1.1.2 Identification and analysis by chromatographic methods 
Early studies of the flavonoids were limited to qualitative analysis using the techniques of 
paper chromatography (PC), thin-layer chromatography (TLC) or, more recently, 
column chromatography. There have been many solvent and spray reagents developed 
to aid in the separation and identification of flavonoids by PC or TLC (Markham, 1982; 
Grayer, 1989). Comprehensive tables of data detailing Rfvalues and colours in various 
spray reagents for all the common and uncommon, flavonoids are available (Mabry et al., 
1970; Ribereau-Gayon, 1972). Whilst these methods are still used and are extremely 
use.ful, there is a movement towards the use of high performance liquid chromatography 
(HPLC) to study flavonoids because it has a number of advantages over other methods 
of analysis. HPLC can be used for the separation, quantitative determination and 
identification of flavonoids, and is generally more sensitive than PC or TLC. However, 
visible detection systems used for HPLC analyses of anthocyanins can be insensitive, 
whilst TLC derivatisation techniques with spray reagents can be very sensitive. Reversed 
phase (RP) CIs-columns (containing silica derivatised with octadecyl trichlorosilane) are 
the most commonly used for flavonoid analysis, with methanol/water or 
acetonitrile/water the preferred solvent systems. Onyeneho and Hettiarachchy (1993) 
used a RP CIs-column with methanol, acetonitrile, and a pH 5.4 buffer to separate and 
identifY the phenolic acids present in potato peel extracts. 
3.1.1.3 Identification and analysis by spectral methods 
UV/visible spectroscopy 
UV and visible absorption spectroscopy is useful in the identification of flavonoids and 
anthocyanins because each class of compound (anthocyanin, flavonol, flavone, flavanone, 
etc.) has a characteristic absorption spectrum. An excellent range of spectral data is 
presented in Mabry et al. (1970). 
The use of spectral shift reagents 
By measuring the spectrum in methanol, together with the bathochromic or 
hypsochl'Omic shift caused by the addition of shift reagents, it is possible to identifY many 
anthocyanins and flavonoids (Mabry et al., 1970; Markham, 1982). 
Methanolic spectrum. The methanolic spectrum of flavonoids shows two major 
absorption peaks between 240 and 550nm. These two peaks are commonly referred to 
as Band I (usually 300 to 550nm) and Band II (usually 240 to 280nm). Band I is 
associated with absorption due to the B-ring, and Band II with absorption involving the 
A-ring. Therefore, the intensity and ratio of Band I and II are altered by the oxygenation 
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pattern on the A- and B-rings (Mabry et ai., 1970; Markham, 1982). The class of 
flavonoid may be deduced from its spectrum in methanol, as shown in Table 3.1. 
Table 3.1 UV/visible absorption ranges for flavonoids in methanol (from Markham, 1982). 
Flavonoid type Band n O"m~x) Band I ("-m~x) 
Flavone 250-280 310-350 
Flavonols (3-hydroxyl substituted) 250-280 330-360 
Flavonols (3-hydroxyl free) 250-280 350-385 
Isoflavones 245-275 310-330 shoulder 
Isoflavones (5-deoxy-6, 7 -dioxygenated) 
-
320 
Flavanones and dihydroflavonols 275-295 300-330 shoulder 
Chalcones 230-270 (low intensity) 340-390 
Aurones 230-270 (low intensfu) 380-430 
Anthocyanidins and anthocyanins 270-280 465-560 
Sodium methoxide spectrum. With the addition of sodium methoxide (NaOMe) or a 
strong base (e.g. NaOH) to the sample in methanol, all the hydroxyl groups on the 
flavonoid nucleus are deprotonated. This spectrum gives an indication of the 
hydroxylation pattern, and degradation of the spectrum with time indicates alkali 
sensitive groups. 
Sodium acetate spectrum. Sodium acetate (NaOAc) is a weaker base than sodium 
methoxide, and only deprotonates the more acidic hydroxyl groups. Its chief use is to 
detect the presence of7- and 4'-hydroxyl groups. 
Sodium acetate/boric acid spectrum. In the presence of sodium acetate, boric acid 
(H3B03) chelates with o-dihydroxyl groups at all locations on the flavonoid nucleus, 
except C-5,6, and is used to detect the presence of o-dihydroxyl groups. 
AlCl3 and AlCJ3IHCl spectra. Aluminium chloride (AlCI3) forms acid-stable 
complexes between hydroxyls and neighbouring ketones, and acid-labile complexes with 
o-dihydroxyl groups, so these reagents can be used to detect both groupings. The AlCl3 
spectrum represents the effects of both these complexes on the spectrum, whilst the 
AlC13IHCI spectrum represents the effect of only the hydroxy-keto complexes (Mabry et 
ai., 1970; Markham, 1982). 
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Spectroscopy is also useful for the identification of anthocyanins, where the addition of 
AlC13 aids the detection of unsubstituted o-dihydroxyl groups. The identity of 
substituted acyl groups may be detennined by the A.max position of the acyl group (300-
330nm). The number of acyl groups is indicated by the ratio of the acyl group A.max and 
the visible A.maxofthe pigment (500-540nm). The ratio ~401AAmax gives an indication 
of whether the 5-hydroxyl group is free or substituted (Ribereau-GayOll, 1972). 
Mass spectroscopy 
Mass spectroscopy (MS) may be performed on sub-milligram quantities of compound, 
and can be used to detennine the molecular weights and chemical formulae of the 
flavonoid. Information on the substitution patterns of the A- and B-rings may also be 
obtained. Electron impact MS, a method which is commonly used for a number of other 
classes of compounds, can only be used on those flavonoid aglycones that are volatile 
under the probe conditions. Because flavonoid glycosides are usual1y non-volatile, other 
MS techniques, such as fast atom bombardment (F AB) or field desorption MS, must be 
used (Grayer, 1989). FAB-MS is the most common ionisation method for flavOlloids 
because it provides an ideal technique for the analysis of highly polar and ionic classes of 
compounds, without having to derivatise them It also has the advantage of giving a 
molecular ion and various fragmentation ions that give direct information on the 
structure of the flavonoid (Strack and Wray, 1989). 
Nuclear magnetic resonance spectroscopy 
Both proton (lH) and carbon-13 (13C) nuclear magnetic resonance (nmr) spectroscopy 
are useful for the identification of flavonoids. 
IH-nmr can be used to :-
1) detennine the oxygenation pattern of the flavonoid, 
2) establish the number of sugars present in glycosides, and 
3) distinguish between the different classes of flavonoids. 
13C-nmr gives information about :-
1) the class of flavonoid, 
2) the carbon skeleton of the flavonoid, for example, the number of carbon atoms 
and which of these carbons is oxygenated, 
3) the identification of the sugar(s) in flavonoid glycosides, 
4) the presence and identity of any acyl groups, and 
5) the position of linkage between the flavonoid aglycone, sugars and acyl groups. 
The disadvantage of 13C-nmr is that it requires a relatively large (15mg or more) sample 
(Grayer, 1989). 
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3.1.2 Anthocyanins, flavonoids and phenolic acids found in Solanaceae, especially 
Solanum species 
3.1.2.1 Anthocyanins 
The first detailed examination of the anthocyanins present in the cultivated potato (s. 
tuberosum) was carried out by Chmielewska (1936) who studied the pigments contained 
in the tuber skin and flesh of a purple-black cultivar called "Negresse" (also later called 
"Congoll). Thus, the first anthocyanin to be chemically identified from potatoes was 
negretein [malvidin 3-(p-coumaroyl-rutinoside)-5-glucoside] (Figure 3.1). 
OCH3 
OH 
HO 
Figure 3.1 Structure of Negrete in [malvidin-3-(p-coumaroyl-rutinoside)-5-glucoside]. 
From his work on the tubers and flowers of various coloured cultivars, Harborne (1960a) 
described the isolation and characterisation of ten anthocyanins from diploid and 
tetraploid potato species. Depending on the colour, the 3-rutinoside-5-glucoside (3-rut-
5-glu) derivatives of all the six common anthocyanins, acylated with p-coumaric acid, 
plus the 3-rutinoside (3-rut) derivatives ofpelargonidin (Pg), cyanidin (Cy), delphinidin 
(Dp) and petunidin (Pt) were found. The 3-rut-5-g1u derivatives of all six common 
anthocyanins have been commonly found in an acylated form in many plants of the 
Solanaceae (e.g. potato, tomato, petunia, aubergine) (Harborne, 1967). 
In a sUlvey of pink and purple pigmented S. tuberosum tubers and sprouts, Howard et al .. 
(1970) found that single anthocyanidins were typical of S. tuberosum cultivars, rather 
than the mixtures commonly found in cultivated forms of diploid potatoes. However, 
Sachse (1973) found that Desiree contained both Pg and peonidin (Pn) glycosides. It is 
possible that the PC procedures used by Howard et al. (1970) could only detect the 
major anthocyanins and not the more minor anthocyanins. 
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3.1.2.2 Other flavonoids and phenolic acids 
Chlorogenic acid was one of the first phenolics to be studied in potatoes. Chlorogenic 
acid and caffeic acid were found in potato peel by Kuc et al. (1956) and Kuc (1957), and 
Lee and Le Toumeau (1958) found that potato leaves contained high concentrations of 
chlorogenic acid, whereas roots and stems contained very little. Chlorogenic acid 
biosynthesis and induction by light and wounding in tubers was studied in detail by 
Zucker (1963; 1965) and Lamb and RubelY (1976). 
In a study of phenolics from over seventy species of South American and Mexican 
tuberous Solanum plants, Harborne (1960b) found that the flowers and leaves of S. 
pinnatisectum contained scopolin, cichorin, aesculin, chlorogenic acid, rutin, 
isoquercitrin, plus another seven minor phenolics. However, the tubers contained only 
chlorogenic acid and scopolin (pIns anthocyanins in the coloured varieties). Only two 
other species of tuberous Solanum plants, S. jamesii and S. sambucinum contained 
coumarins in their flowers. They contained the same major polyphenols as S. 
pinnatisectum except that in S. jamesii aesculin was absent but a p-coumaric acid ester 
was present. No coumarins were found in flowers of domestic varieties of the cultivated 
potato (Harborne, 1960b). 
The flavonoids occurring in the Solanaceae have been studied thoroughly. Harborne 
(1960a) isolated the flavonols, kaempferol (Km), quercetin (Qu) and myricetin (My), 
from the tubers and flowers of various coloured cultivars of diploid and tetraploid potato 
species. The pattern of leaf flavonoids in tuberous Solanaceae was investigated by 
Wietsche1 and Reznik (1980a and b) in a comprehensive study involving 107 species. 
Thitty eight different flavonol-glycosides and one flavone-glycoside were characterised. 
These included: Qu-3-arabinoside (Qu-3-ara), Qu-3-xyloside (Qu-3-xyl), Qu-3-
galactoside (Qu-3-gal), Qu-3-neohesperidoside and Qu-3-(2G-rhamnosyl-rutinoside) 
(Qu-3-(2G-rha-rut); Km-3-gal, Km-3-neohesperidoside, Km-3-(2G-rha-rut) and Km-3-
sophorotrioside-7-rha; and isorhamnetin-3-gal and isorhamnetin-3-rut; all acylated with 
p-coumaric or ferulic acid (Wietschel and Reznik, 1980a). Qu-derivatives were the 
predominating glycosides, accompanied by Km, and in some cases isorhamnetin and My-
glycosides, but in much smaller quantities (Wietschel and Reznik, 1980b). Some of these 
flavonoids have been found in S. tuberosum and Harborne (1967) reported that Km-3-
(2G-glu-rut) and Qu-3-(2G·glu-rut) were found from S. tuberosum petals and Km-3-
sophoroside-7-rha and Km-3-sophorotrioside-7-rha were found from S. tuberosum 
seeds. 
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In 1982, Sosulski et ai. investigated the phenolic content of potato flour (from peeled, 
freeze-dried tubers of cv. Netted Gem) reporting that it contained high concentrations of 
chlorogenic acid and only traces of other phenolic acids, except for caffeic acid (a 
component ofchlorogenic acid) (Table 3.2). 
Onyeneho and Hettiarachchy (1993) studied the phenolic acid composition of potato 
peels and found that the phenolic acid composition of different cultivars was unrelated to 
the colour (i.e. anthocyanin content) of the peels. Protocatechuic acid, chlorogenic acid 
and caffeic acid were the major phenolic acids in all peels (Table 3.2), whilst red peel 
contained a higher percentage ofpolyphenols, such as anthocyanins. 
Table 3.2 Phenolic acids found in potatoes. 
Phenolic acid 
chlorogenic acid 
caffeic acid 
p-coumaric acid 
femlic acid 
gallic acid 
p-hydroxybenzoic acid 
vanillic acid 
quinic acid 
sinapic acid 
protocatechuic acid 
svnmnc acid 
p-(hydroxyphenyl)-acetic acid 
ND not determined 
- = absent 
* from Sosulski et aZ. (1982) 
ppm* 
341.3 
60.0 
5.1 
4.8 
ND 
trace 
trace 
trace 
-
-
-
-
** from Onyeneho and Hettiarachchy (1993) 
Amount (mg per 100g extract)** 
Viking (red) lCennebec(brown) 
753.0 821.3 
278.0 296.0 
45.6 41.8 
174.0 192.0 
58.6 63.0 
87.0 82.0 
48.0· 43.0 
ND ND 
ND ND 
216.0 256.0 
ND ND 
ND ND 
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Table 3.3 Classification of potato species (adapted from Hawkes, 1990). 
Genus: Solanum L. 
Subgenus: Potatoe 
Section: Petota 
Subsection: Estolonifora 
Series I-II 
Subsection: Potatoe 
Super-series: Stellata 
Series I-IX 
Super-series: Rotata 
Series X: 
Series XI: 
Series XII: 
Series XIII: 
Series XIV: 
Series XV: 
Series XVI: 
Series XVII: 
Series XVIII: 
Series XIX: 
Abbreviations 
Arg. 
Bol. 
Col. 
Argentina 
Bolivia 
Colombia 
Megistacroloba 
Cuneoalata 
Conicibaccata 
Piurana 
lngifolia 
Maglia 
Tuberosa 
Wild species: 
Cultivated species: 
Acaulia 
Longipedicellata 
Demissa 
Equ. 
Mex. 
Yen. 
Equador 
Mexico 
Venezuela 
S. sanctae-rosae 
Group (i) Mex., Ven., Col. & Equ. 
Group (U) Peru: 
S. spars/pi/um 
Group (iii) Bol., Arg. & Chiie: 
S. berthaultii 
S. gourlayi 
S. oplocense 
S. sparsipilum 
S. speggazzinii 
S. stenotomum 
S. tuberosum 
S. acaule 
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3.1.3 Potato systematics 
A brief summary of potato taxonomy is included here, because a number of Solanum 
species were investigated in this work. There are a large number of species in the genus 
Solanum (approximately 900), and taxonomists have established various subgenera, of 
which the subgenus Potatoe includes the potatoes and various other groups of species 
which are taxonomically related to them in some way (Hawkes, 1990). The subgenus 
Potatoe has been further divided into sections, of which the section Petota includes the 
tuber-bearing species. Within this section (Petota) there are two subsections, 
Estolonifera and Potatoe (Table 3.3). Hawkes (1989) added two super-series in the 
Potatoe subsection (Stellata and Rotata) to differentiate between species with stellate 
(star-shaped) or rotate (round) corollas. Below the rank of the super-series are the 
series, two in subsection Estolonifera, nine in the super-series Stellata, and ten in the 
super-series Rotata (Table 3.3). 
The extensive geographical distribution of wild potatoes indicates a wide range of 
ecological diversity and a range of adaptations to extremes of temperature and humidity 
far surpassing that of the cultivated species. Thus, some species such as S. acaule can 
withstand sub-zero temperatures whilst others, such as S. berthaultii, are adapted to hot, 
dry semi-desert conditions. Apart from the lowland tropical rain forest, wild potato 
species appear to have penetrated into nearly every natural habitat, as well as a number 
of man-made habitats; thus many, such as S. sparsipilum, are commonly found wild in 
cultivated fields. In addition to the physiological· diversity of wild potatoes from an 
ecological and phytogeographical point of view, wild potatoes exhibit a wide diversity of 
resistance to fungal, bacterial and viral diseases, as well as to insect, arachnid and 
nematode pests. Some also possess high dry matter content in tubers, though most have 
watery tubers that often contain unacceptably high alkaloid contents. This 
morphological diversity has potential economic importance in providing useful characters 
of interest for potato breeders (Hawkes, 1990). Therefore, it was of interest to identifY 
and quantifY the phenolic acids, flavonoids and anthocyanins in a number of other 
Solanum species, and to determine if there was any significant difference between these 
species and S. tuberosum. 
3.1.3.1 Solanum species used/or analyses 
Nine species of Solanum were available for use in the present study to compare 
concentrations of phenolics: these were S. acauie, S. berthaultii, S. gourlayi, S. 
oplocense, S. sanctae-rosae, S. sparsipilum, S. speggazzinii, S. stenotomum and S. 
tuberosum. Their classification is shown in Table 3.3. 
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S. acaule Bitt. is a tetraploid species found in southem Pern, Bolivia, and northem 
Argentina, and is tolerant of frost, heat and drought. This species is divided into three 
geographical subspecies, subsp. acaule, subsp. aemulans and subsp. punae. S. acaule 
subsp. acaule Bitt. is found at altitudes of 3700-4200m, but sometimes up to 4650m in 
alpine meadows by paths, walls, ditches and arable fields. S. acaule subsp. aemulans 
Bitt. et Wittm. is found only in Argentina at 2950-3500m in open stony places and alpine 
meadows (Hawkes, 1990). 
S. berthaultii Hawkes is a diploid species found throughout Bolivia at an altitude of 
2400-2750m in dry inter-andine valleys among scrnb and cactus vegetation (Hawkes, 
1990). 
S. gourlayi Hawkes is found in central to southem Bolivia and north-westem Argentina. 
There are four subspecies. S. gourlayi subsp. gourlayi Hawkes is only found in Jujuy, 
Argentina at 1900-3600m in dry vegetation amongst grasses, cacti and small shrubs. 
Diploid and tetraploid cytotypes occur (Hawkes, 1990). 
S. oplocense Hawkes is found in Bolivia and Argentina at altitudes of 2600-3500m in 
dry thom-bush scrnb, hedges, cultivated fields and cactus vegetation. It is the only 
species known with diploid, tetraploid and hexaploid cytotypes. The diploid cytotype is 
very rare, but the tetraploid and hexaploid are common (Hawkes, 1990). 
S. sanctae-rosae Hawkes is a frost-toler3:11t diploid species found in north-westem 
Argentina in high mountain pastures and sandy and rocky places from 2500-3800m 
(Hawkes, 1990). 
S. sparsipilum Bitt. is a very polymorphic weed and is found in Pern and Bolivia at 
2800-3800m in fields, walls and field-borders. It is very similar to S. tuberosum subsp. 
andigena and is believed to have been one of its diploid prototypes. It is unique in that it 
has two quite distinct distribution areas, Group (ii) in Pern and Group (iii) in Bolivia 
(Table 3.3), however it is thought to have originated in Bolivia (Hawkes, 1990). 
S. speggazzinii Bitt. is a diploid species which is found in Argentina at 1900-3100m in 
dry inter-andine valleys under the shade of trees and bushes and also in fields and field-
borders (Hawkes, 1990). 
S. stenotomum subsp. stenotomum Juz. et Buk. is a diploid found in southem Pern and 
northem Bolivia at high altitudes. It is a highly variable species which is pOSSIbly 
ancestral to all the other cultivated potatoes (including S. tuberosum) (Hawkes, 1990). 
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s. tuberosum L. is a tetraploid species with two recognised subspecies, subsp. 
tuberosum and subsp. andigena:-
a) Subsp. tuberosum forms tubers under long days, or under short days in the tropics at 
lower altitudes only (500-2000m). This subspecies was derived from subsp. andigena 
probably on two separate occasions; first in Chile where subsp. andigena was canied by 
Indian tribes migrating southwards from the Bolivian Andes; and secondly subsp. 
andigena was brought to Europe after the Spanish conquest where, under similar 
climatic and daylength conditions to those in Chile, the subsp. tuberosum was fonned 
again, partly as a result of artificial selection. It was originally only found on the coastal 
regions of central Chile and is still widely grown in these regions at low altitudes, but is 
also now found world wide (Hawkes, 1990). 
b) Subsp. andigena forms tubers at high altitudes only (over 2000m) under short day 
conditions. This subspecies originated either partly or wholly from S. stenotomum in the 
Andes of Peru and Bolivia. It is found in the Andes of the following countries; 
Venezuela, Colombia, Equador, Peru, Bolivia, north-western Argentina, and also 
sparingly in Guatemala and Mexico (Hawkes, 1990). 
3.2 Materials 
3.2.1 Flavonoid standards 
Cyanidin (Cy), cyanidin-3-galactoside (Cy-3-gal), cyanidin-3-glucoside (Cy-3-glu), 
cyanidin-3-rhamnosyl-glucoside (Cy-3-rha-glu), cyanidin-3-rutinoside (Cy-3-rut), 
delphinidin (Dp), delphinidin-3-rhamnosyl-glucoside (Dp-3-rha-glu), delphinidin-3-
rutinoside (Dp-3-rut), kaempferol-3-rutinoside (Km-3-rut), malvidin (Mv), myricetin 
(My), pelargonidin (Pg), pelargonidin-3-rhamnosyl-glucoside (Pg-3-rha-glu), 
pelargonidin-3-rutinoside (Pg-3-rut), peonidin (Pn), petunidin (Pt), quercetin-3-
galactoside (Qu-3-gal), quercetin-3-glucoside (Qu-3-glu), quercetin-3-rhamnoside (Qu-
3-rha) and quercetin-3-xyloside (Qu-3-xyl) were obtained from Plantech (UK). 
Catechin, epicatechin, kaempferol (Km), rutin and sinapic acid were obtained from Fluka 
(Switzerland). Apigenin, eriodictyol and luteolin were obtained from Roth AG 
(Gennany). Quercetin-3-arabinoside (Qu-3-ara) was obtained from Extrasynthase 
(France ). Procyanidin B2 and procyanidin B 5 were kindly donated by Dr L. Porter 
(Industrial Research Limited, Gracefield Research Centre, Lower Hutt, NZ). Other 
flavonoid and phenolic acid standards were obtained from Sigma (USA). 
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3.2.2 Enzyme assays 
Materials used in enzyme assays are listed in Section 5.2.1. 
3.2.3 TLC developing solvents 
15% HOAc:- 15% (v/v) acetic acid in water 
BAW:- n-butanol : acetic acid: water (4: 1 : 2.2) 
BBPW:- n-butanol: benzene: pyridine: water (5 : 1 : 3 : 3; upper phase) 
Forestal:- acetic acid: Hel: water (30 : 3 : 10) 
3.2.4 TLC spray reagents 
Aniline phthalate:- aniline (0.92mI) and phthalic acid (1.6g) were dissolved in 100mI H20 
saturated n-butanol 
NA-reagent (Naturstoffreagenz A or diphenyl-boric acid-ethanolamine complex):-
1 % (w/v) solution in methanol. 
Sodium carbonate:- 1% (w/v) aqueous solution. 
3.2.5 Shift reagents 
NaOH:- 2M aqueous solution. 
AleI3:- five grams of::fresh, anhydrous Alel3 was added to 100ml methanol (made ::fresh 
as required). 
Hel:- concentrated Hel (50mI) was added to 1 OOmI water. 
H3B03:- ground to a fine powder in a mortar and pestle and added as a solid. 
NaOAc:- ground to a fine powder in a mortar and pestle and added as a solid. 
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3.3 Methods 
3.3.1 Samples 
Skin:- skin samples were taken from around the centre of the tuber (i.e. between the 
stem and bud ends). Attempts were made to use only the outer coloured layer( s) of 
cells. 
Flesh:- flesh samples were taken from the centre portion of the tuber (i.e. between the 
stem and bud ends) and all skin was removed. 
Skin and flesh samples that were not analysed immediately were frozen in liquid N2 and 
stored at -80°C. 
Flowers:- flowers were picked, the petals removed and freeze-dried immediately. 
Leaves:-Ieafmaterial was freeze-dried immediately after picking. 
Freeze-dried material was stored in a dark, dry cupboard at room temperature until 
required for analysis. 
3.3.2 Extraction of anthocyanins and flavonoids 
Samples (O.5g) were ground to a fine powder in a mortar and pestle using liquid N2 then 
extracted four times with 15% (v/v) acetic acid in methanol over a period of30min. The 
combined extracts were centrifuged at 12 OOOg for lOmin at 4°C and the supernatant was 
evaporated to dryness at 40°C and redissolved in 1.5m1 of extraction solvent. For 
analysis by HPLC this final extract was centrifuged at 16 OOOg for 20min at 4°C and the 
supernatant stored at -20°C. 
3.3.3 Identification of anthocyanins and flavonoids 
3.3.3.1 Thin-layer chromatography 
Preliminary analysis of the flavonoids was earned out by two-dimensional (2-D) TLC on 
plastic-backed cellulose plates (Merck No 5577), developed with BAW followed by 15% 
acetic acid. The dry TLC plates were obselved under UV light and then exposed to NH3 
fumes under UV light or sprayed with one of the following spray reagents in order to 
visualise spots and characterise groups of compounds. 
1) NA-reagent:- 3',4'-dihydroxyflavonols appear orange and 4'-hydroxyflavonols 
produce yellow-orange spots (Markham, 1982). 
2) Sodium carbonate:- under UV light, phloretin appears violet and flavonols 
produce yellow, orange or brown spots (Gage et al., 1951). 
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Tentative identifications were made by calculation of Rf values and comparison with 
known standards and published data (Harborne, 1959; 1967; MablY et al., 1970). The 
Rf values presented in this thesis will be expressed as a percentage, rather than as a 
proportion. 
3.3.3.2 HPLC 
Analytical HPLC 
Analytical HPLC was carried out with the assistance of Dr K. Sutton at the NZ Institute 
for Crop & Food Research Ltd, Lincoln. A Waters 600 solvent delivery/control system 
with a Waters WISP 712 automatic sample injector and a Waters 490 variable 
wavelength UV/visible detector were used to separate, identify and quantifY the 
anthocyanins, flavonoids and phenolic acids. The column used was a 220 x 4.6mm 
Applied Biosystems Brownlee Aquapore RP-18 column fitted with a 15 x 3.2mm RP-18 
guard column. Chromatographic traces were recorded using the Waters Dynamic 
Solutions program "Maxima". Solvents used for elution were: A) 10% (v/v) acetic acid 
in water and B) acetonitrile. The solvents were vacuum filtered through a 0.22J.IID 
filter. Degassing was achieved by rapid sparging with helium (100ml/min for 10min), 
followed by constant slow bubbling of helium into capped, vented solvent reselVoirs 
(5ml1min). Samples (5-201-11) were injected onto the column, which was maintained at 
30°C using a Waters column heater. A flow rate of Iml1min was used with a linear 
30min solvent gradient from 0 to 30% B followed by a 5min hold at 30% B. The column 
was washed with 50% B for 5min, then returned to 0% Band re-equilibrated for 10min 
before the next analysis. The eluted components were monitored at 280nm for catechins, 
flavanones, dihydroflavonols and some phenolic acids, 313nm for the remaining phenolic 
acids, 350nm for flavonols and flavones, and 530nm for anthocyanins. The individual 
compounds were identified and quantified by comparison of retention times of standard 
solutions of known concentration (where available). The identification was confirmed by 
spectral analyses and in some cases TLC. Where standards were not available, 
quantification was based on an average value for that class of compound, because 
responses were similar within classes. 
Diode-array analytical HPLC 
The method was carried out as above except that a Waters "Discovery" System was 
used. This consisted of the Waters 625 quaternary gradient pump/controller, Waters 717 
autosampler and the Waters 996 photo diode array detector (scanning from 200-60Onm). 
The software used was Waters Millenium (Version 2.1) running under Windows 3. L 
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Preparative HPLC 
Preparative HPLC was used to isolate individual anthocyanins and flavonoids. Samples 
(l0-20g) were extracted as above (Section 3.3.2), and then cleaned and semi-purified by 
a RP-18 bench column before HPLC. Preparative HPLC work was canied out using a 
Varian 5000 Vista Series Liquid Chromatograph with a 300 x 25:mm Rainin Microsorb 
RP-18 column (pore size 60A) with a 110 x 25:mm guard column. The solvents, A and 
B, were the same as for analytical HPLC. Samples of up to 400!l1 were injected on to 
the column, and a flow rate of 12ml/min was used. Tuber anthocyanins were detected at 
530nm with a linear 20min solvent gradient from 8 to 10% B, followed by a linear 
gradient from 10 to 20% B for the following 15min. Flower flavonoids were detected at 
350nm with a linear 30min solvent gradient from 0 to 30% B. In both cases the column 
was washed with 100% B for 5min, then returned to the starting concentration and re-
equilibrated. The collected fractions, usually each containing a single peak, were 
concentrated in vacuo. These compounds were further identified by TLC, acid 
hydrolysis, MS, and/or UV/visible spectroscopy, including the use of shift reagents. 
3.3.3.3 Acid hydrolysis ofglycosides 
To elucidate further the structures of the anthocyanins and flavonoids separated by 
preparative HPLC, and also to determine the identity of the aglycones present in these 
extracts, the glycosides were hydrolysed in acid to cleave the sugar from the aglycone. 
The anthocyanin or flavonoid (in an Eppendorf tube) was dissolved in methanol and an 
equal volume of 4M-HCl was added. The &olutionwas heated at 90°C for 2-24h until 
hydrolysis was complete, as determined by TLC developed in BAW. To isolate the 
sugars and the aglycone for fi1l1her analysis, the methanol was removed from the solution 
in vacuo, then the aqueous solution extracted twice with an equal volume of ethyl 
acetate. The aqueous and ethyl acetate phases were separated, with the aglycone present 
in the upper ethyl acetate fraction and the sugars (and any remaining unhydrolysed 
glycosides) remaining in the aqueous fraction (Mark:ha~ 1982). 
The aglycones were identified by :-
1) TLC using the solvents: Forestal, 15% acetic acid or BAW; calculation of Rf 
values and comparison with standards, and 
2) UV/visible spectroscopy and comparison with standards and published spectra 
(Mabry et al., 1970). 
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Sugars were identified by TLC with the solvent system BBPW. The plates were sprayed 
with aniline phthalate and heated in an oven at 90°C until brown spots appeared (5-
10min). Rfvalues of sample sugars were compared with known sugar standards. 
3.3.3.4 UVlvisible spectroscopy 
Anthocyanins 
The spectrum of each anthocyanin sample in 15% (v/v) acetic acid in methanol from 260 
to 700nm was recorded, and the ""max in the visible region used to give an indication of 
the aglycone identity. To estimate the number and identity of acyl substituents present 
the ratio of ""max of the acyl group (300-33Onm) compared with the visible ""max (500-
54Onm) was calculated. The A4401 Aj.,max was calculated to determine 5-hydroxyl 
substitution patterns (Ribereau-Gayon, 1972). 
Flavonoids 
The spectra of flavonoid samples in methanol (500/-tI) were recorded from 220 to 580nm, 
and then re-recorded after addition of various spectral shift reagents. 
1) Three drops of2M-NaOH were added to the flavonoid sample in methanol. 
The spectrum was recorded immediately, and then again after 5min. 
2) To another sample in methanol 
a) three drops of AICl3 were added and the spectrum recorded, followed by, 
b) the addition of two drops ofHCI and the spectrum re-recorded . 
The bathochromic shifts after the addition of AICl3 and HCI were compared. 
3) To a third sample in methanol 
a) NaOAc powder was added (until2mm coated the bottom of the cuvette), mixed 
thoroughly, and the spectrum recorded immediately, and then again after 5min, 
followed by, 
b) the addition ofH3B03 powder (untillmm coated the bottom of the cuvette), 
mixed thoroughly, and the spectrum re-recorded. 
Sample spectra and shifts were compared with published data (Mabry et al., 1970). 
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3.3.4 Enzyme assays 
Extraction and assay of enzyme activities were carried out as in Section 5.2.2. 
3.3.5 Solanum tuberosum cultivars 
A range of S. tuberosum cultivars were selected to provide a wide variety of tuber 
colours (Appendix 1, Tables ALI and A1.2). They were field grown by staff from the 
NZ Institute for Crop & Food Research Ltd, Lincoln, in plots at Springs Rd, Lincoln in 
the 1992/93 and 1993/94 seasons. For the 1992/93 season, flowers, leaves and tubers 
were harvested, and in the 1993/94 season, only tubers were harvested. Plant material 
was extracted and analysed by visible spectroscopy, TLC and analytical HPLC, as in 
Section 3.3.3. To reduce the number of samples to be analysed by HPLC, duplicate 
samples were not analysed; however, for each skin and flesh sample, tissue was 
combined from 3-5 tubers, for extracts from flowers, petals were combined from the 
flowers of as many plants as possible (usually 10-15 plants and a total of about 50 
flowers), and for leaves, the 3-4 youngest, fully expanded leaves from each plant, were 
taken from 5-7 plants, and combined before extraction. 
3.3.6 Other Solanum species 
Seed samples of eight species of Solanum were imported from the Scottish Crop 
Research Institute, Dundee, Scotland. This was the only source of these species in New 
Zealand and plants were retained in quarantine (NZ Institute for Crop & Food Research 
Ltd, Lincoln) throughout all growth and extraction processes. Information relating to 
the species and accessions is shown in Table 3.4. 
Approximately 25 seeds from each line were planted on 24 November 1992 by staff at 
the NZ Institute for Crop & Food Research Ltd, Lincoln, and those that germinated were 
planted out into 90rum pots in the quarantine glasshouse (Appendix 1, Table A1.3 shows 
percentage germination). After three weeks the established plants were transplanted into 
PBS plastic bags. These were spaced on benches in the quarantine glasshouse with 
demand watering. Plants were trained up 1. 5m poles and stolons were removed to avoid 
cross-contamination. Flowers and leaves were removed from 2-3 plants from each line, 
selected to give a range of flower colours (Appendix 1, Table A1.3), and material was 
frozen (-20°C) until use. Plants began to die in May 1993 and tubers were harvested 
from the same plants as the flower and leaf samples. Tissue was extracted (as in Section 
3.3.2) in the quarantine unit, and analysed by visible spectroscopy and analytical HPLC 
(as in Section 3.3.3). The waste plant material was autoc1aved before disposal. 
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Table 3.4 Imported Solanum species - accession information (from Wilkinson et al., 1994). 
Species Subspecies Species CPC Source Country Province Plant 
Code No No 
S. acaule acaule ACL 2113 CAR BOL Potosoi 1,7,11 
S. acaule aemulans ACLAEM 3734 HAW 3396 ARG La Rioja 2,4 
S. berthaultii 
-
BER 4036 CPC 283 x BOLx - 1,2 
2731 ARG 
S. gour/ayi gourlayi GRL 2480 IDE 365 ARG Salta 6,9 
S. oplocense - OPL 3777 HAW 3907 ARG JujUY 4,8 
S. sanctae-rosae 
-
SCT 3269 DOPs.n. ARG - 2,17 
S. sanctae-rosae - SCT 3779 HAW 3939 ARG Salta 4,6,8 
S. sparsipilum - SPL 3488 CPC 62 x BOL 
-
2,6 
122 
S. sparsipilum 
-
8PL 3563 D083 BOL Cochabamba 2,3 
S. speggazzinii 
-
8PG 3745 HAW 3525 ARG Catamarca 6,7 
i S. speggazzinii 
- 8PG 3791 HAW 3425 ARG La Rioja 2,15 
S. stenotomum stenotomum 8TN 4711 CPC 1646 BOLx 
-
5,12 
x2464 ARG 
CPC No : CPC identification number 
Source No : collector and number or collection from which the material was originally received 
Country : country of origin of the accession 
Province: state, province or department from which the accession originated 
Plant No : the number of the plant which was analysed - given by NZ Institute for Crop & Food 
Research Ltd, Lincoln 
Abbreviations 
ARG: 
BOL: 
CAR: 
CPC: 
DOP: 
DOS: 
HAW: 
IDE: 
Argentina 
Bolivia 
Cardenas, M., Universidad Mayor de San Simon, Cochabamba, Bolivia 
Commonwealth Potato Collection 
Dodds, K.S., Paxman, G.J., John Innes Institute Expedition 1959-1960 
Dodds, K.S., Simmonds, N.W., John Innes Institute Expedition 1962 
Hawkes, J.G., University of Birmingham, Birmingham, UK 
Hjerting, J.P., Copenhagen, Denmark. 
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CHAPTER 3 - Part 1. Identification of phenolics 
3.4 Results - Part 1 
3.4.1 Identification of anthocyanins from tubers 
Initial investigation of S. tuberosum tuber anthocyanins was confined to extracts from 
two red-skinned cultivars, Desiree and Red Flesh, and two purple-skinned cultivars, 
Arran Victory and Urenika. A combined 2-D TLC chromatogram of Desiree and 
Urenika anthocyanins is shown in Fignre 3.2. Three major anthocyanins were separated 
for each of these cultivars: from Desiree - Dl, D2 and D3; and from Urenik:a - Ul, U2 
and U3. The results from the 2-D TLCls of the fOUl' cultivars studied are summarised in 
Table 3.5, along with the Amax values which were recorded for each ofthese extracts. 
(4:1 :2.2) 
BAW 
o 
Origin 
02 
o 
o U2 
U1 
Solvent front 
03 
U3 
01 
Figure 3.2 Two-dimensional TLC of anthocyanins from Desiree and Urenika tubers. 
This is a combined TLC which shows anthocyanins Dl, D2 and D3 from Desiree and 
Ul, U2 and U3 from Urenika. 
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Table 3.5 Chromatographic properties and "'max values of tuber anthocyanins from TLC. 
Cultivar Spot Rf(a) Rf(b) Visible and UV + NH3 '-max Tentative 
no UV colour colour (run) identification 
Desiree Dl 45.4 66.4 pink pU1l>le 512 Pg-3-rut 
D2 53.7 57.1 pink/purple purple Pn-gly 
D3 58.4 64.8 pink purple anth-3 
Vrenika VI 45.7 51.9 blue/purple blue/purple 538 anth-l 
V2 49.1 56.9 red/purple blue 
-
V3 53.2 58.1 red/purple blue anth-2 
Arran AVI 43.7 47.0 blue/purple blue 538 anth-4 
Victory 
Red RFI 44.4 66.9 pink purple 510 Pg-3-rut 
Flesh 
RF2 56.3 64.3 pink purple anth-3 
(a) Rf(xl00) BAW 
(b) Rf(xIOO) 15% acetic acid 
Analytical HPLC analysis was in general agreement with the TLC results. Anthocyanins 
were eluted from the HPLC column with retention times between 17 and 28min. A 
typical anthocyanin HPLC chromatogram from the purple/black coloured Vrenika tubers 
is presented in Figure 3.3a and shows four anthocyanins. The retention time and A.max of 
peak 'A' corresponded to that ofDp-3-rut, whereas peak 'B' was thought to be Mv-3-rut. 
The retention times ofthe two major peaks found from Vrenika tubers (anth-l eluting at 
25.4min and anth-2 eluting at 27.3min) (Figure 3.3a, Table 3.6) did not correspond to 
those of any available standards, and could not be identified at this stage. 
HPLC analysis of Red Flesh anthocyanins revealed a number of anthocyanins present 
(Figure 3. 3b), and this chromatogram was typical of extracts from all red-skinned tubers. 
All peaks had a '-max around 510run which suggested that they were Pg-glycosides, 
except one (peak IC') which had a A.max at 524run and was thought to be a Pn-glycoside. 
All except one of these anthocyanins were relatively minor components, with the major 
peak (anth-3) eluting at 27.2 (Table 3.6). The retention time of anth-3 did not 
correspond to any of the available standards, so anth-3 was not identified by this method. 
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Figure 3.3 HPLC chromatograms (absorbance 530nm) of a) Urenika and b) Red Flesh tuber 
anthocyanins. 
The HPLC chromatogram from the medium purple Arran Victory tubers (not shown) 
was similar to that ofUrenika (Figure 3.3a) except that only one major peak eluting at 
25.7min (anth-4) was present (Table 3.6). Chromatograms of extracts from purple-
skinned tubers typically followed a pattern similar to that shown by Urenika (two major 
peaks eluting at 25.4min and 27.3min), or to that shown by Arran Victory (one major 
peak eluting at 25.7min). 
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Table 3.6 Chromatographic properties of tuber anthocyanins purified from preparative HPLC. 
Cultivar Name Retention time RfBAW Rf15%HOAc 
(xlOO) (xlOO) 
Urenika anth-1 25.4 47.1 52.2 
Urenika anth-2 27.3 52.8 58.5 
Red Flesh anth-3 27.2 59.5 63.0 
Arran Victory anth-4 25.7 46.3 51.6 
It was uncertain as to whether or not anth-1 and anth-4 were the same anthocyanin 
because, although both had similar retention times (Table 3.6) and "'max values of 538nm 
(Table 3.7), this could have arisen from more than one aglycone or sugar pattern. Both 
anth-2 and anth-3 eluted at the same retention time (Table 3.6) but, anth-2 from Urenika 
had a "'max of 538nm, whilst anth-3 from Red Flesh had a "'max of 512nm (Table 3.7), so 
clearly these were different anthocyanins. 
Table 3.7 Spectral analysis of purified anthocyanins. 
anth-l anth-2 anth-3 anth-4 
visible "-m~x (nm) 538 1538 512 538 
aglyconeID Mv,Ptor Dp Mv, Pt, or DQ. Pg I MV,PtorDp 
acyl "'max (nm) 308 306 312 310 
acyl group p-coumaric acid p-coumaric acid p-coumaric acid p-coumaric acid 
~401 A"'max (%) 11.2 8.9 20.0 10.8 
5-hydroxyl substituted substituted substituted substituted 
It was decided to focus on these four anthocyanins (anth-l to anth-4) to purifY and 
identifY them. This was because a survey of tuber anthocyanins from other cultivars 
revealed these four to be the only major anthocyanins present. Subsequently, these 
major anthocyanins from Urenika, Red Flesh and Arran Victory were purified by 
preparative HPLC. Each anthocyanin was checked for purity by TLC in BAW and also 
by analytical HPLC, and their chromatographic properties are summarised in Table 3.6. 
When dried, anth-1 and anth-4 were a blue/purple colour and had only limited solubility 
in methanol, water, or mixtures of these, although they were soluble in both methanol 
andlor water when acetic acid (or TFA) was added. These similar properties suggested 
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that they may be the same anthocyanin. Anth-2 was a dark purple cololU and anth-3 a 
red cololU, and both were soluble in methanol and water with, and without, the addition 
of acid. The spectrum of each anthocyanin was recorded in methanol to determine the 
Amax value, whether a substituted 5-hydroxyl group was present and the identity of any 
acyl groups (Table 3.7). As an example of this, the spectrum of anth-3 in 15% acetic 
acid in methanol is shown in Figure 3.4 and shows a typical anthocyanin spectrum with a 
IN Amax at 280nm and a visible Amax between 500 and 550nm. The visible Amax of this 
anthocyanin (anth-3), was at 512nm which indicates that the aglycone of this anthocyanin 
must be Pg. The peak at 312nm suggested the presence of a p-coumaric acid acyl group. 
The A4401As12 ratio was 20.0% (Table 3.7), which (for Pg) suggested that the 
5-hydroxyl group was substituted (Ribereau-Gayon, 1972). Spectra were also measured 
after the addition of AICI3, to detennine if there were any o-dihydroxyl groups, to aid in 
the determination of the aglycone identity. 
0.3 ~ 280nm 
0.25 
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Figure 3.4 Spectrum of anth-3. 
The purified anthocyanins were hydrolysed in acid and the aglycones and sugars 
separated. The aglycones hydrolysed from these anthocyanins were analysed by 1LC 
and compared with aglycone standards run on the same 1LC plate (Table 3.8). From 
these results it was found that both anth-1 and anth-4 contained Pt, anth-2 contained Mv 
and anth-3 contained Pg. 
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Table 3.8 Chromatographic and spectral properties of purified anthocyanin aglycones. 
Aglycone "max Rf(xlOO) Rf Rf(xl00) Colour ColourUV Probable 
Foresta1(*) (x 100) 15% HOAc visible identity 
BAW(*) 
anth-l 548 38.4 50.4 
-
purple pUf}:>le Petunidin 
anth-2 548 53.1 I 58.7 64.1 purple purple Malvidin 
anth-3 526 62.2 87.7 72.9 orange/pink orartge/~ink Pelargonidin 
anth-4 548 38.1 47.5 
-
purple purple Petunidin 
Pelargonidin 524 62.2 (61) 87.7 (82) 70.8 orange/pink orange/pink 
-
Cyanidin 538 43.4 (45) 71.0 (68) 66.0 pink/purple pink/purple -
Delphinidin 546 25.2 (30) 38.0 (42) 58.0 purple J1tlrpie -
Malvidin 548 54.5 (58) 63.4 (56) 63.4 purple purple -
Petunidin 548 37.6 (43) 48.3 (52) 48.3 purple J1ll!Ple -
Peonidin 1542 59.1_(63) 70.0 (71) 69.9 purple pink -
* Data in brackets is taken from Strack and Wray (1989) 
From their chromatographic and spectral properties (Tables 3.6, 3.7 and 3.8) it was 
deduced that anth-I and anth-4 were identical, so aU further analysis was carried out only 
on anth-I. 
Time course analysis of the acid hydrolysis was used to give an indication' of the 
glycosylation pattern of the anthocyanins. Figure 3.5 shows a TLC of a typical time 
course hydrolysis for anth-3, with samples taken at 0, 15, 30, 60, and I20min. At the 
start of hydrolysis only the dark pink unhydrolysed glycoside (G) was present, with an Rf 
value of 63.3. After I5min of acid hydrolysis there were two spots visible on the TLC, 
G and HI. Spot G had faded to a medium pink colour, whilst the additional spot (HI) 
(Rf= 42.2) was a faint pink colour. After 30min four spots were visible; a medium pink 
spot G, a medium pink coloured HI, a faint coloured pink spot at Rf 50.0 (ill), and the 
faint pink Pg aglycone (A) with an Rf value of 84.4. After 60m:in the same four 
anthocyanins were present except that spots G and HI were lighter still, whilst spots H2 . 
and A were darker in colour. After I20m:in only the Pg aglycone was visible, suggesting 
that complete hydrolysis of the anthocyanin had occurred. It was expected that the polar 
unhydrolysed glycoside (G) would have the smallest Rf value, with the Rf value 
increasing as the polar sugars were removed, leaving the non-polar aglycone (A) with the 
highest Rf value, because BA W is a fairly non-polar solvent. However, the two 
hydrolysed glycosides, HI and H2, had lower Rfvalues than the unhydrolysed glycoside, 
G. It was thought that this was because the glycoside (G) contained a non-polar acyl-
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group, which was the first substituent group to be lost, exposing the more polar sugars 
(HI), so that the Rf value decreased. Removal of another sugar (H2) decreased the 
polarity and increased the Rf As expected, the aglycone A had the highest Rf value. 
This time-course of hydrolysis suggests that anth-3 was composed ofPg, an acyl group 
and two sugars. However, more than one acyl group or more than two sugars may have 
been present because these compounds may not be hydrolysed from the glycoside 
individually if they are pal1 of a chain and both attached at a single carbon of the 
aglycone. 
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Figure 3.5 TLC of anthocyanin (anth-3) acid hydrolysis time course, developed in BAW. 
G unhydrolysed glycoside, HI = hydrolysed glycoside 1, 
H2 - hydrolysed glycoside 2, A = aglycone. 
A similar acid hydrolysis pattern was obsetved for anth-I and anth-2, except that 
complete hydrolysis took four hours for both of these anthocyanins, and an additional 
spot was present for anth-l hydrolyses. Therefore, all these anthocyanins (anth-I, anth-2 
and anth-3) contained an acyl group, and anth-l had at least three sugars attached whilst 
anth-2 and anth-3 had at least two sugars attached. Time course of acid hydrolysis of 
anth-4 confirmed that this anthocyanin had the same glycosylation pattern as anth-l. 
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Figure 3.6 TLC of sugars hydrolysed from antll-l , anili-2 and anth-3 . 
Analysis of the hydrolysed sugars from anth-l , anth-2 and anth-3 was earned out by 
TLC, developed in BBPW and sprayed with aniline phthalate. 111e Rf values were 
calculated and compared with sugar standards run on the same plate (Figure 3.6), which 
showed that anth-l, anth-2 and anth-3 all contained the sugars glucose and rhamnose. 
Anth- l , anth-2 and anth-3 were also investigated by nmr and MS to provide structural 
evidence to complement the chromatographic and spectral evidence. 1 H-nmr was carried 
out on anth-2 and anth-3. The nmr spectra showed impurities and contaminates from the 
C I8-column, but confirmed that in both cases a phenolic acyl group was present. 
FAB-MS was carried out on anth-l , anth-2 and anth-3. Anth-l proved recalcitrant and 
was hard to resolve, even after many attempts, so no reliable spectrum was obtained. 
The molecular weight (MW) of anth-2 was found to be 947.3 . From element 
composition analysis it was found that the most likely element composition was 
C 44 H 51 023. From the fi"agmentation spectmm it was concluded that there was:-
1) a peak with a MW oC185 .2 which corresponded to anth-2 minus glucose, 
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2) a peak with a MW of331.0 which was the MW ofMv, and 
3) a peak with a MW of 493.1 which corresponded to Mv plus glucose. 
These results indicate that at least one of the glucose units must be attached in such a 
way as to be able to be cleaved off singly, whilst the other glucose unit must be attached 
directly to the aglycone. These MS data, combined with information from the above 
chromatographic and spectral experiments, suggest that the structure of anth-2 was 
Mv-(glu)z-rha-p-coumaric acid. Harborne (1960a; 1967) has indicated that the only 
stmcture with these constituents that has been found in potato tubers is Mv-3-(p-
coumaroyl-mt)-5-glu, therefore it is likely that anth-2 was this compound. This is 
supported by the fact that the 5-hydroxyl was substituted and this also fitted the 
fragmentation data. It is suggested that the glucose at the 5-position was cleaved initially 
leaving the 785.2MW compound. The p-coumaric acid and rhamnose were cleaved 
subsequently, either separately or together, leaving the glucose attached to the Mv at the 
3-position to be cleaved later. 
The MW of anth-3 was determined as 887.3. Element composition analysis gave the 
most likely element composition to be C 42 H 47 021. The fragmentation spectmm 
of anth-3 showed that there was:-
1) a peak with a MW of 725.1 which corresponded to anth-3 minus glucose, 
2) a peak with a MW of270.9 which was the MW ofPg, and 
3) a peak with the MW of 433.2 which corresponded to Pg plus glucose. 
These MS data combined with information from the above experiments suggest that the 
stmcture of anth-3 wasPg-(gluh-rha-p-coumaric acid. From the literature (Harbome, 
1960a; 1967) as above, it was likely that anth-3 was Pg-3-(p-coumaroyl-rut)-5-glu, 
because this is the only stmcture with these constituents that has been found in potato 
tubers. The ionisation pattern of anth-3 followed that suggested above for anth-2. 
The Pn-glycoside found in Red FleSh tubers (peak C in Figure 3.3) was also identified by 
similar methods (purification from HPLC, spectral analysis, acid hydrolysis and analysis 
by 'ILC) as these other anthocyanins (anth-1, anth-2 and anth-3), and was determined to 
be Pn-3-(p-coumaroyl-mt )-5-g1u. 
In conclusion, the major anthocyanin(s) in the tubers of these cultivars were:-
Urenika (purplelblack) Pt-3-(p-coumaroyl-mt)-5-glu (anth-1) and 
Mv-3-(p-coumaroyl-mt)-5-glu (anth-2), 
Arran Victory (medium purple) Pt-3-(p-coumaroyl-mt)-5-glu (anth-4 = anth-1), 
Red Flesh (red) Pg-3-(p-coumaroyl-mt)-5-glu (anth-3) and 
Pn-3-(p-coumaroyl-rut)-5-glu. 
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3.4.2 Identification of flavonoids and phenolic acids from tubers 
The initial investigation of tuber flavonoids by 2-D TLC showed that skin extracts from 
the different cultivars all contained a similar flavonoid pattern. Flesh extracts contained 
some of the same compounds but lacked a few of the spots. The initial investigation of 
Urenika skin extract by 2-D TLC visualised by UV light showed the presence of twelve 
compounds (Figure 3.7). The spots were tentatively identified by calculating the Rf 
values and noting the colours of spots under UV light before and after exposure to NH3, 
and after spraying with NA-reagent and sodium carbonate, and by comparison with 
standards (Appendix 2). These results are summarised in Table 3.9. 
Solvent front 
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0 0 0 7 
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Figure 3.7 Two-dimensional TLC ofUrenika skin flavonoids. 
Note that the Rfvalues, colour and identities (where known) of these spots are given in Table 3.9. 
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Table 3.9 Chromatographic characteristics offlavonoids on 2-D TLC from Urenika skin. 
Spot R(a) Rf(b) Colour of spot Tentative 
no (1) (2) (3) 1(4) identification 
1 53.6 4.2 oran~e or range ercetin 
2 60.1 51.6 blue green I blue green phenolic 
3 58.3 76.4 blue blue blue blue phenolic 
4 58.7 80.7 blue blue bIDe blue phenolic 
5 64.8 59.6 blue yellow yellow yellow kaempferol-glycoside 
6 66.0 72.5 blue t!: green green chlorogenic acid 7 75.9 62.6 blue blue blue protocatechuic acid 8 77.0 15.0 blue blue blue phenolic 
9 76.7 23.4 blue blue blue blue phenolic 
10 75.5 30.4 blue blue blue blue sinapic acid 
11 75.1 36.3 blue blue blue blue ferulic acid 
12 95.1 0.0 orange orange yellow yellow kaempferol 
(a) Rf(xlOO) BAW 
(b) Rf(xIOO) 15% acetic acid 
(1) Colour of spot under UV light 
(2) Colour of spot under UV light after exposure to NH3 fumes 
(3) Colour of spot after spraying 'With NAwreagent, viewed under UV light 
(4) Colour of spot after spraying 'With sodium carbonate, viewed under UV light 
The two spots which appeared orange under UV light (spots 1 and 12) were flavonols. 
Spot 1 remained orange after spraying with NA-reagent, which :indicated that it was a 
3',4'-dihydroxyflavonol, probab1y Qu, whereas spot 12 changed to a yellow colour, 
indicating that it was a 4'-hydroxyl flavonol, probably Km. Spot 5 also gave a yellow 
colour after spraying with NA-reagent and was probably a Km-glycoside (Table 3.9). 
Spots 6, 7, 10 and 11 were identified as chlorogenic acid, protocatechuic acid, sinapic 
acid and ferulic acid respectively. The other spots were likely to be phenolic in naMe 
because of their blue fluorescence :in UV light and reactions with the spray reagents; 
however most of them remain unidentified. 
Tuber samples were also analysed by diode-array HPLC. Typical chromatograms from 
the HPLC analysis of skin (Urenika) and flesh (Arran Victory) are shown:in Figures 3.8 
and 3.9 respectively. Possible identifications were made by comparing the spectra and 
retention times of sample peaks with those of authentic standards. 
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Figure 3.8 HPLC chromatogram of Urenika skin phenolics at 280nm. 
Note that the retention times, spectral peaks and identities of these peaks are given in Table 3.10. 
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Figure 3.9 HPLC chromatogram of Arran Victory flesh phenolics at 280nm. 
Note that the retention times, spectral peaks and identities of these peaks are given in Table 3.11. 
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For ease of presentation in this thesis these chromatograms (Figures 3.8 and 3.9) show 
the data at 280nm (rather than at 280, 313, 350 and 530nm), because all phenolics have 
an absorbance at this wavelength. However, for analysis and calculation of 
concentrations, the wavelength used depended on the spectrum of the individual 
compound. Therefore, some phenolic acids, such as cmnamic acid and syringic acid with 
a Amax between 260nm and 300nm, were measured at 280nm, other phenolic acids, such 
as chlorogenic acid and p-coumaric acid with a Amax between 300nm and 330nm were 
measured at 313nm. The flavonols with a peak between 340nm and 370nm were 
measured at 350nm, and the anthocyanins with a peak in the visible range of the 
spectrum were measured at 530nm. Because these compounds have such varying 
spectra, the peak area (as shown in the chromatogram at 280111TI, Figures 3.8 and 3.9) is 
not an absolute measurement of concentration because the extinction coefficient varies 
with the compound and the wavelength. Therefore, some components, especially the 
flavonols, are under-represented in Figures 3.8 and 3.9. 
Table 3.10 Spectral and chromatographic data of Urenika skin phenolics 
(from Figure 3.8) (sh = shoulder). 
Peak Fletention tinle Spectral peaks Identity 
a 3.2 270 gallic acid 
b 4.0 260,295 protocatechuic acid 
c 5.9 280 catechin 
d 7.9 300sh, 325 chlorogenic acid 
e 9.8 300sh,325 caffeic acid 
f 12.0 320 unknown phenolic (UP1) 
g 12.6 260,290 vanillic acid 
h 13.6 275 svrill1llC acid 
1 16.3 300sh,315 p-coumaric acid 
j 17.5 255,350 flavonoid 2b 
k 19.4 295sh,320 ferulic acid 
1 20.6 315 unknown phenolic (UP2) 
m 21.0 320 sinapic acid 
n 22.2 300 salicylic acid 
0 23.1 280, 320sh eriodictyol 
p 23.8 300sh,320 unknown phenolic (UP3) 
q 25.5 280, 540 anth-1 
r 27.1 280, 540 anth-2 
s 29.3 280 cinnamic acid 
t 30.0 290, 325sh naringenin 
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Table 3.11 Spectral and chromatographic data of Arran Victory flesh phenolics 
(from Figure 3.9). (sh shoulder). 
Peak Retention time Spectral peaks Identity 
a 3.3 270 gallic acid 
b 4.1 260,295 protocatechuic acid 
c 5.9 280 catechin 
d 7.8 300sh, 325 chlorogenic acid 
e 9.9 300sh, 325 caffeic acid 
f 11.0 280 epicatechin 
g 12.2 320 unknown J!henolic iVPU 
h 16.4 300sh, 315 p-coumaric acid 
1 17.2 255,350 flavonoid 2a 
j 17.8 I 255,350 flavonoid 2b 
k 19.5 295sh,320 ferulic acid 
I 20.6 315 I unknown phenolic (UP2) 
m 21.5 320 I siml~ic acid 
n 23.2 280, 320sh eriodictyol 
0 25.5 280,540 anth-1 
p 27.2 280,540 anth-2 
Table 3.10 shows the data for the skin extract (Urenika) chromatogram and Table 3.11 
for the flesh (AlTan Victory) sample. Tubers- (skin and flesh) appeared to contain mostly 
phenolic acids with only small amounts of flavonoids (other than anthocyanins). The 
major phenolic acid present in tuber skin (e.g. Urenika Figure 3.8, Table 3.10) was 
chlorogenic acid (peak d), followed by caffeic acid (peak e). Other phenolic acids 
present in moderate amounts included protocatechuic acid (peak b), vanillic acid (peak 
g), p-conmaric acid (peak i), ferulic acid (peak k), sinapic acid (peak m), salicylic acid 
(peak n) and an unidentified phenolic (UP1, peak f). Also present in moderate quantities 
were the flavanones, eriodictyol (peak 0) and naringenin (peak t). Low concentrations of 
catechin (peak c), syringic acid (peak h), flavonoid 2b (peak j), cinnamic acid (peak-s) 
and the unknown phenolic acids, UP2 (peak 1) and VP3 (peak p) were found. Because 
of the high concentrations of anthocyanins, anth-1 (peak q) and anth-2 (peak r), and their 
absorbance at 280nm (Figure 3.8), some compounds at low concentrations that co-eluted 
with these anthocyanins may not have been detected. Therefore, the chromatograms of 
skin extracts from white-skinned tubers (with the absence of these anthocyanins) were 
studied and showed that My and an unknown flavonoid (UF2) were present in the 
extracts from white-skinned tubers (not shown). It is likely that the extracts from 
coloured tubers also contained My and UF2, but that the peaks representing these 
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compounds were obscured by the anthocyanin peaks. In extracts from white-skinned 
tubers these two flavonoids (My and UF2) accounted for an average of7.5% of the total 
flavonoids (excluding anthocyanins) (Appendix 3, Table A3.2), and are expected to have 
existed in similar concentrations in the extracts from tubers with coloured skins. None of 
the flesh extracts from any of the white-fleshed tubers analysed contained My or UF2. 
In general, tuber flesh (e.g. Arran Victory Figure 3.9, Table 3.11) contained fewer 
phenolics than the skin and again, the major phenolic acid present was chlorogenic acid 
(peak d). However, in contrast to the skin samples, only small amounts of caffeic acid 
were present (peak e). Phenolic acids present in the tuber flesh in moderate amounts 
(Figure 3.9, Table 3.11) were protocatechuic acid (peak b), p-coumaric acid (peak h), 
ferulic acid (peak k), and two unknown phenolics, UP1 (peak g) and UP2 (peak 1). 
Phenolic acids present in tuber flesh at low concentrations were gallic acid (peak a) and 
sinapic acid (peak m), and flavonoids present at low concentrations included catechin 
(peak c), epicatechin (peak f), flavonoid 2a (peak i), flavonoid 2b (peak j) and eriodictyo1 
(peak n). Most extracts of tuber flesh contained no anthocyanins, but Arran Victory 
contained anth-1 (peak 0) and anth-2 (peak p). 
As well as the unknown phenolic acids and flavonoids noted (Tables 3.10 and 3.11), 
there were also a few very minor peaks which remained unidentified (Figures 3.8 and 
3.9), but these compounds represented less than two percent of the total phenolic 
content and therefore were not included in further analyses. From their spectra most of 
these were thought to be phenolics, a1though,in some cases there was so little compound 
present that a clear spectrum was unobtainable. 
3.4.3 Identification of anthocyanins from flowers 
Initial investigation of flower anthocyanins was carried out by 2-D TLC. Up to three 
anthocyanins were visible in the flower extracts from those cultivars with dark coloured 
flowers (Figure 3.10). Extracts from lighter coloured flowers showed mixtures of these 
same three anthocyanins, although the pigments on TLC were absent or fewer in number 
from the lighter coloured flowers. Therefore, the extracts from the darker coloured 
flowers were used to identify the anthocyanins present in flowers. 
The chromatographic properties of these flower anthocyanins are shown in Table 3.12. 
Acid hydrolysis, as carried out for the tuber anthocyanins (Section 3.4.1), indicated that 
Pg, Pt and Mv were the major aglycones, and it was thought, from this TLC analysis, 
that the three main anthocyanins in flowers were anth-l (Pt-3-(p-coumaroy1-rut)-5-glu), 
anth-2 (Mv-3-(p-coumaroy1-rut)-5-glu) and a Pg-glycoside. 
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Figure 3.10 Two-dimensional TLC of anthocyanins from a typical dark flower extract. 
Note that the chromatographic properties of these spots are given in Table 3.12. 
Table 3.12 Chromatographic properties of flower anthocyanins from a typical 
dark coloured flower extract (from Figure 3.10). 
Spot Rf(xlOO) Rf(xlOO) 
15% HOAc 
Colour of Colour of Probable 
number BAW 
1 46.4 51.7 
2 51.7 53.1 anth-2 
3 53.6 63.6 p -
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A HPLC chromatogram of a strongly coloured flower is presented in Figure 3.11 and 
showed three major anthocyanins (peaks c, d and e), and other minor anthocyanins 
(peaks a, b and f) which were present only in some darker coloured flowers. 
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Figure 3.11 HPLC of anthocyanins from a typical dark coloured flower extract shown at 530nm. 
The major anthocyanins present in flowers were tentatively identified as Pg~3~rnt 
(peak c), anth-l (Pt-3-(p-coumaroyl-rnt)-S-glu, peak d) and anth-2 (Mv-3-(p-coumaroyl-
rnt)-S-glu, peak e), and the minor peaks were tentatively identified as Dp-3-rnt (peak a), 
Cy-3-rnt (peak b) and a Pg-glycoside (peak f) (as indicated by the similarity of retention 
times and spectra to standards) (Figure 3.11 and Table 3.13). The identities of the major 
anthocyanins determined by HPLC correlated with those determined by lLC methods. 
Table 3.13 Tentative identities of flower anthocyanins from a typical 
dark coloured flower extract (from Figure 3.11). 
Peak Retention time Tentative identification 
a 18.7 delphinidin-3-rntinoside 
b 21.3 cyanidin-3-rntinoside 
c 24.S pelargonidin-3-rntinoside 
d 2S.7 anth-l 
e 27.3 anth-2 
f 28.0 p elargonidin-glyco side 
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3.4.4 Identification of flavonoids and phenolic acids from flowers 
The initial investigation of flower flavonoids by 2-D TLC and visualisation by UV light 
Showed that fourteen compounds were present (Figure 3.12), and spraying with NA-
reagent enabled three more compounds to be detected. The spots were tentatively 
identified by calculating the Rf values and noting the colours of spots under UV before 
and after exposure to Nfl3, and after spraying with NA-reagent and sodium carbonate, 
and by comparison with standards (Appendix 2). These results are summarised in Table 
3.14. Most of the spots (spot numbers 1 to 9 and 13 to 17) appeared to be flavonoids, 
spot 10 was chlorogenic acid and the other two (spots 11 and 12) were unidentified 
phenolics. 
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. Figure 3.12 Two-dimensional TLC of flower flavonoids. The dotted areas represent spots 
which were not visible under UV light, but were visible after spraying with NA-reagent. Note 
that the Rfvalues, colour and identities (where known) of these spots are given in Table 3.14. 
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Table 3.14 Chromatographic properties of flower flavonoids (from Figure 3.12). 
Spot Rf Rf Colour of spot Tentative 
..... n_o_:(= a )==:(=lb )==:=(1= )~~=~--n::""':"":"e:.=.r-(:o3--II.)L----r-(4-~ )----1 identification 
1 17.8 2.1 orange - flavonoid 
2 26.5 2.4 orange orange orange flavonoid 
3 38.7 2.4 orange orange I orange myricetin 
4 18.5 53.3 purple - orange - flavonoid 
5 41.5 33.7 purple orange orange orange quercetin-glycoside 
6 43.5 68.1 purple orange orange orange 
7 50.5 46.7 pmple orange orange yellow 
8 50.5 55.1 pmple orange orange 
9 55.6 53.3 blue yellow yellow yellow 
10 61.3 59.6 b1ue green green green 
11 61.2 69.5 blue blue yellow blue 
12 71.2 68.1 blue green yellow blue 
13 56.6 21.4 purple orange orange -
14 96.5 0 yellow I yellow orange -
15 15.1 76.1 orange 
16 43.0 0 orange 
17 52.1 0 
- orange -
(a) Rf (xIOO) HAW 
(b) Rf (xIOO) 15% acetic acid 
(I) Colour of spot under UV light 
(2) Colour of spot under UV light after exposure to NH3 fumes 
quercetin-glycoside 
kaempferol-3-
rutinoside 
rutin 
kaempferol-
glycoside 
cblorogenic acid 
phenolic 
phenolic 
quercetin-3-
glucoside 
kaempferol 
flavonoid 
flavonoid 
quercetin 
(3) Colour of spot after spraying with NA-reagent, viewed under UV light 
(4) Colour of spot after spraying with sodium carbonate, viewed under UV light 
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Analytical HPLC analysis was in general agreement with the 2-D TLC results. A typical 
HPLC trace of flower flavonoids is shown in Figure 3.13, and the retention times, 
spectra and peak identities are shown in Table 3.15. Peaks were identified by 
comparison of retention times and spectra of known standards. The phenolic acids 
tended to elute off the cohunn first, most of them with retention times between 3 and 
15min, whilst the flavonols eluted later with retention times mainly between 21 and 
25min. The flower extracts had low concentrations of phenolic acids, except chlorogenic 
acid (peak e) which was present in large amounts, plus protocatechuic acid (peak b) and 
the unknown phenolic, UPI (peak h), which were present in moderate amounts (Figure 
3.13). In contrast to the tuber extracts, flower extracts had much higher concentrations 
of flavonoids, especially flavonoid 2a (peak 1), flavonoid 2b (peak m) and rutin (peak q). 
0.15 b e 
OJ 
0 
c 0.1 h m 
..0 
I.-
0 
(f) 
..0 
« 0.05 
o 10 
m 
0 
p 
20 
Time (min) 
q 
u 
r 
w 
30 
Figlll'e 3.13 Typical HPLC chromatogram of flower flavonoids (from a light coloured flower). 
Five peaks from the flower extracts were identified further (Figure 3.13, peaks e, 1, m, q 
and t) because these were major peaks and it was important to either confirm the identity 
or, in the case of peaks I and m (flavonoids 2a and 2b) to attempt to determine the· 
identity. Flower extracts from a number of cultivars were combined and then the major 
peaks, detected at 350nm, were separated by preparative RP-18 HPLC. Initially, four 
major peaks were collected (fractions 1-4), with the second fraction being re-
chromatographed into two peaks (fractions 2a and 2b). The purity of these compounds 
was checked by TLC in BAW. Fractions 1, 2a, and 2b appeared to be pure, although 
fraction 3 also contained an anthocyanin, and fraction 4 contained a small quantity of 
fraction 3. Chromatographic properties of these compounds are shown in Table 3.16. 
Chapter 3 Identification and quantitative determination 88 
Table 3.15 HPLC data of flower phenolics (from Figure 3.13) (sh = shoulder). 
Peak Retention time Spectra Tentative identity 
a 3.3 255 gallic acid 
b 4.1 260 protocatechuic acid 
c 5.9 280 catechin 
d 6.3 255 p-hydroxybenzoic ac 
e 7.8 300sh,320 chlorogenic acid 
f 9.9 300sh,325 caffeic acid 
g 10.9 280 epicatechin 
h 12.2 300sh,320 unknown phenolic (UP 1 ) 
1 12.7 260,290 vanillic acid 
j 13.6 280 ~cacid 
k 16.6 300sh,310 p-coumaric acid 
I 17.2 255,350 flavonoid 2a 
m 17.9 [;5,350 flavonoid 2b 
n 18.8 65,350 unknown flavonoid (UFll 
0 19.5 300sh,325 ferulic acid 
p 20.1 260,350 quercetin-3-galactoside 
q 21.9 255,350 rutin 
r 22.9 260,350 quercetin-3-g1ucoside 
s 24.2 300sh, 325 unknown phenolic 1up31 
t 25.0 ,350 kaempferol-3-rutinoside 
u 25.9 265,365 l!!Y!icetin 
v 27.3 265,350 unknown flavonoid (UF2) 
w 28.2 280 cinnamic acid 
x 30.1 290,325 naringenin 
The retention time and chromatographic properties of fraction 1 (corresponding to 
peak e in Figure 3.13 and Table 3.15) confirmed that this fraction was chlorogenic acid. 
The chromatographic properties of the other fractions indicated that they were flavonols 
however, the retention times of fractions 2a (peak 1) and 2b (peak m) were much lower 
than those of any of the available flavonol standards. These chromatographic properties 
(Table 3.16) suggested that fractions 2a and 2b were probably Qu-glycosides and that 
fraction 3 (peak q) and fraction 4 (peak t) were rutin and Km-3-rut, respectively (by 
comparison with published data (Mabry et al., 1970) and standards (Appendix 2». 
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Table 3.16 Chromatographic characteristics of purified flower flavonoids. 
Fraction Retention Rf Rf Colour of spot 
(*) time (a) (b) (1) (2) 
1 (e). 7.8 64.3 63.0 blue bluel 
green 
2a (1) 17.2 44.4 69.0 purple orange 
2b (m) 17.9 50.0 53.6 purple orange 
3 (q) 21.9 52.0 39.2 purple orange 
4 (t) 25.0 58.7 46.4 purple yellow 
rutin 21.70 52.0 40.0 purple orange 
standard 
(*) corresponding peak from Figure 3.13 and Table 3.15 
(a) Rf (x100) BA W 
(b) Rf (xlOO) 15% acetic acid 
(1) Colour of spot under UV light 
(31 
yellow 
orange 
orange 
orange 
orange 
orange 
(2) Colour of spot under UV light after exposure to NH3 fumes 
i41 
green 
yellow 
yellow 
yellow 
yellow 
yellow 
(3) Colour of spot after spraying with NA-reagent, viewed under UV light 
(4) Colour of spot after spraying with sodium carbonate, viewed under UV light 
Tentative 
identi-'!y 
chloro genic 
acid 
quercetin-
glycoside 
quercetin-
glycoside 
rutin 
kaempferol-
3-rutinoside 
-
These purified flavonoids (fractions 2a, 2b, 3 and 4) were hydrolysed in acid and the 
aglycones and sugars separated. Fraction 1 was not hydrolysed because it was identified 
as chlorogenic acid (and was not glycosylated). The hydrolysis was canied out to 
identify the structural components, especially the aglycone, because further work on the 
glycosylated flavonoids, such as recording the spectra with the use of shift reagents to 
determine the position of hydroxyl groups and substitution pattems was easier if the 
aglycone identity was known. 
To determine the identity of the aglycones the spectra (240-500nm) of the hydrolysed 
fractions of 2a, 2b and 3, and standard aglycones were recorded (Table 3.17). The 
spectmm of fraction 4 was not measured due to the presence of fraction 3 as an impurity. 
The comparison of spectra from the fractions with that of standards showed that 
fractions 2a, 2b and 3 were likely to contain Qu as the aglycone, however the spectrum 
of My was also very similar (Table 3.17), and fractions may have contained My instead. 
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Table 3.17 Spectral properties of purified flavonol aglycones after acid hydrolysis 
(sh = shoulder). 
Aglycone UV spectra "-max nm) Tentative identity 
2a 256 272sh 300sh 370 quercetin (or myricetin) 
2b 256 270sh 302sh 370 quercetin ( or myricetin) 
3 252 270sh 300sh 370 quercetin ( or myricetin) 
kaempferol 266 - 322sh 366 
quercetin 256 268sh 304sh 370 
myricetin 254 268sh 302sh 374 
Conformation of the identity of the aglycones was made by detennining the Rf values 
from the TLC analysis of the hydrolysed aglycones and standards. This showed that 
fractions 2a, 2b and 3 all contained Qu, not My, whilst fraction 4 contained Km (Table 
3.18). 
Table 3.18 Chromatographic properties of purified flavonol aglycones after acid hydrolysis. 
Aglycone Rf BAW Rf Forestal Colour of Identity of 
(xl00) (xlOO) spot (UV) aglycone 
2a 59.1 28.2 orange quercetin 
2b 58.5 28.2 orange quercetin 
3 55.6 26.0 orange quercetin 
4 77.7 42.9 orange kaempferol 
kaempferol 83.2 45.4 orange 
quercetin 62.9 27.6 orange 
-
myricetin 37.8 14.3 orange -
To determine the identity of the sugars from the acid hydrolysis, TLC of the sugar 
fractions in BBPW was carried out and the plates sprayed with aniline phthalate. The Rf 
values were calculated and compared with sugar standards run on the same plate. This 
TLC chromatogram (not shown) was similar to that shown in Figure 3.6 and it was 
determined that fractions 2a, 2b, 3 and 4 all contained the sugars glucose and rhamnose. 
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To finally confum the structure of the aglycones and determine the substitution patterns 
of the glycosylated flavonoids the spectra (240-500nm) of the unhydrolysed fractions 1, 
2a, 2b and 3 were recorded, and the Amax and bathochromic shifts with the shift 
reagents, NaOH, AlCI3, HCI, NaOAc and H3B03, were noted (Table 3.19). The 
spectrum of fraction 1 was measured only in methanol, since it was a phenolic acid 
(chlomgenic acid) and the shift reagents apply only to the flavonoids. The spectrum of 
fraction 4 was not measured due to the presence of fraction 3 as an impurity. 
Table 3.19 Spectral properties and shifts of purified flavonoids from flowers. 
Fraction 
1 
2a 
2b 
3 
Shift reagent UV spectra Amax (nm) 
Band II 
MeOH 
-
MeOH 256 
NaOH d 
NaOAc 262 
NaOAc + H~B01 262 
AlCh 256 
AlCl1 + HCI 258 
MeOH 256 
NaOH d 
NaOAc 266 
NaOAc + H3B03 266 
AlCl3 256 
AlCh +HCI 258 
MeOH 258 
NaOH d 
NaOAc 268 
NaOAc + H3B03 262 
AlCl1 274 
AlCl3 +HCI 268 
sh = shoulder of peak 
d spectrum decomposed immediately 
- = peak absent 
-
266sh 
-
296sh 
-
-
266sh 
-
-
-
300sh 
266sh 
310sh 
292sh 
300sh 
294 
Band I 
302sh 326 
308sh 354 
306sh 360 
-
380 
304sh 356 
300sh 356 
306sh 356 
-
392 
308sh 378 
304sh 430 
360sh 398 
302sh 358 
-
406 
-
382 
-
430 
360sh 400 
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The spectmm of fraction 1 was identical to that of chlorogenic acid (Appendix 2), 
confirming the identity of this peak. The addition of NaOH to fractions 2a, 2b and 3 
caused the spectrum to decompose immediately suggesting the presence of alkali 
sensitive groups, However, according to data by Mabry et al. (1970), when sodium 
methoxide was added to mtin in methanol, the spectmm did not decompose, which 
conflicted with the evidence obtained so far that fraction 3 was mtin, Therefore, NaOH 
was added to the mtin standard which also decomposed, so the NaOH data was ignored 
for all fractions, It is thought that this difference may have been caused by using N aOH 
instead of sodium methoxide as the strong base, It is possible also that the sugars wel'e 
removed leaving Qu (which contains the alkali-sensitive 3,3',4'-hydroxyl grouping). 
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Figure 3.14 a) Spectra offraction 3 in methanol (MeOH), and with shift reagents NaOAc and 
NaOAc/H3B03' b) Spectra offraction 3 in methanol (MeOH) 
and with shift reagents AlCl3 and A1CI3/HCl. 
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The spectra and reactions with shift reagents ofthe three fractions (2a, 2b and 3) were all 
similar so, as an example, the spectra offraction 3 in methanol and with the shift reagents 
are shown in Figure 3.14. The methanolic spectra of fractions 2a, 2b and 3 showed them 
to be flavonols. For example, from the spectrum of fraction 3 in methanol (Figure 3.14) 
the pronounced Band II indicated oxygenation ofthe A-ring and the presence of a strong 
Band I showed that the B-ring was also oxygenated (Markham, 1982). 
The hypsochromic shift of Band I from 370nm in the aglycone spectrum (Table 3.17) to 
358nm in the unhydrolysed fraction (Table 3.19) indicated that a 3-, 5- or 41-hydroxyl 
group was methylated or glycosylated in the unhydrolysed fraction. Since the aglycone 
has been shown to be Qu, it is known that these hydroxyls were not methylated, and the 
shift of 12nm suggested that the 3- and/or 5-hydroxyl group was glycosylated. 
The shift of Band II from 258nm to 268nm (Figure 3.14a, Table 3.19) upon the addition 
of NaOAc to the methanolic fraction suggested that fraction 3 contained a free 7-
hydroxyl group, and the shift in Band I from 358nm to 406nm confirmed this. The 
spectrum did not decompose with this weaker alkali, suggesting that fraction 3 did not 
contain any alkali sensitive groups (such as 5,6,7-; 5,7,8- or 3,31,41-hydroxyl groups). 
Thus, the reaction with NaOAc supported the previous finding that the aglycone was Qu. 
The bathochromic shift of Band I of24nm from the methanolic spectrum (358nm) in the 
presence ofNaOAciH3B03 (382nm) (Figure 3.14a, Table 3.19) showed that fraction 3 
contained B-ring o-dihydroxyl groups. This was confirmed by the hypsochromic shift of 
30nm of Band I ofthe AlCl3 spectrum (43Onm) on the addition ofHCI (40Onm) (Figure 
3.12b, Table 3.19). These results supported the identification of the aglycone as Qu. 
The shift of Band I (and Band II) of 42nm (and 10nm) between the methanolic and the 
AlCl3iHCI spectrum indicated that fraction 3 contained a free 3- and/or 5-hydroxyl group 
which fitted with the rutin structure with sugars attached to the 3-hydroxyl, leaving the 
5-hydroxyl free. Finally, the comparison of all the spectra of fraction 3 (except NaOH) 
with that published for rutin in Mabry et al. (1970), together with the previous finding 
that it contained glucose and rhamnose as sugars, confirmed that fraction 3 was rutin. 
In summary, fractions 2a and 2b had a free 7-hydroxyl group, B-ring o-dihydroxyl· 
groups and a free 3- and/or 5-hydroxyl group, all of which indicated that these 
compounds had Qu aglycones. As well, the methanolic spectrum showed that the 3-
and/or the 5-hydroxyl group was glycosylated. Neither of the spectral data of these 
fractions matched that of any of those for Qu-glycosides published in Mabry et al. 
(1970). The presence of acyl groups was not able to be tested for, so fractions 2a and 2b 
may have contained an acyl group. 
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From all the evidence cited above, it is proposed that the structure of the purified flower 
fractions was:- fraction 1 chlorogenic acid 
fraction 2a Qu-glu-rha 
fraction 2b Qu-glu-rha 
fraction 3 rutin 
fraction 4 Km-3-rut 
Fractions 2a and 2b could not be fully identified and, although the composition was 
determined, the attachment positions of the sugars and presence of an acyl group was not 
elucidated. However, both fractions 2a and 2b were found to contain Qu as an aglycone 
with at least one glucose and one rhamnose attached in the 3- and/or 5-hydroxyl 
positions. 
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Figure 3.15 Two-dimensional TLC ofleafflavonoids. 
The dotted spots represent compooods which were not visible ooder UV light, but were 
visible after spraying with NA-reagent. Note that the Rf values, colour and identities 
(where known) of these spots are given in Table 3.20. 
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3.4.5 Identification of anthocyanins from leaves 
When 2-D TLC's of leaf extracts were developed no anthocyanins were visible, and it 
was confirmed by analytical HPLC that the leaves of the 29 cultivars tested did not 
contain anthocyanins. 
3.4.6 Identification of flavonoids and phenolic acids from leaves 
The initial investigation ofleafflavonoids and phenolic acids by 2-D TLC (Figure 3.15) 
showed seven compounds (spots 1-7) and after spraying with NA-reagent another five 
spots appeared (spots 8-12). The chromatographic properties of these compounds are 
summarised in Table 3.20. 
Table 3.20 Chromatographic properties ofleafflavonoids from TLC (from Figure 3.15). 
Spot Rf Rf Colour of spot Tentative identity 
no (a) (b) (1) (2) (3) 
1 59.0 42.8 purple yellow orange kaempferol-3-rutinoside 
2 61.9 52.2 blue green blue/green phenolic 
3 54.6 63.4 purple orange orange quercetin-glycoside 
4 58.0 68.8 blue orange blue phenolic 
5 64.2 20.6 purple orange orange quercetin-3-glucoside 
6 67.7 57.8 blue green blue chlorogenic acid 
7 76.0 59.7 blue blue blue phenolic 
8 68.8 46.3 
- - orange flavonoid 
9 69.1 69.4 
- - blue phenolic 
10 69.7 76.9 
- -
orange flavonoid 
11 80.2 68.1 
- -
blue phenolic 
12 78.0 20.6 
- -
blue phenolic 
(a) Rf(xlOO) BAW 
(b) Rf (xlOO) 15% acetic acid 
(1) Colour of spot under UV light 
(2) Colour of spot under UV light after exposure to NH3 fumes 
(3) Colour of spot after spraying with NA-reagent, viewed under UV light 
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Spots 1, 3, and 5 displayed a dull purple colour in UV light, orange or yellow after being 
exposed to ammonia fumes, and orange after being sprayed with NA-reagent This 
indicated that they were all flavonols and, after comparison ofRfvalues (Appendix 2), it 
was thought that the probable identities were Km-3-rut, a Qu-gly and Qu-3-glu 
respectively. The identity of spot 6 was thought to be chlorogenic acid. Other 
flavonoids (spots 8 and 10) and phenolics (spots 2, 4, 7, 9, 11 and 12) remained 
unidentified. 
The leaf extracts were analysed further by analytical HPLC. A typical HPLC 
chromatogram of a leaf extract at 280nm is shown in Figure 3.16, and results and 
possible identifications, after comparison of retention times and spectra of authentic 
standards, are shown in Table 3.21. The major phenolic acid present was chlorogenic 
acid (peak e), with moderate amounts of ferulic acid (peak n) and the unknown phenolic, 
UPI (peak h). As for flower extracts, moderate amounts of flavonoids were detected, 
especially the Qu-glycosides, 2a (peak k) and 2b (peak 1), and rutin (peak q). (Note that 
these leaf extracts were run on a new column, so retention times are slightly altered fi'om 
those shown in tuber and flower chromatograms (Figures 3.3, 3.8, 3.9, 3.11, 3.13) and 
noted in Appendix 2.) 
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Figure 3.16 Typical HPLC chromatogram ofleaf extract at 28Onm. 
Note that the retention times, spectral peaks and identities of these peaks are given in Table 3.21. 
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Table 3.21 HPLC data of leaf phenolics (from Figure 3.16) 
(sh = shoulder). 
Retention time Spectra Identity 
2.8 255 gallic acid 
4.1 260 protocatechuic acid 
5.8 280 catechin 
6.2 255 p-hydroxybenzoic acid 
7.7 300sh,325 chlorogenic acid 
9.2 300sh,320 caffeic acid 
10.5 280 epicatechin 
12.0 300sh,320 unknown phenolic (UP 1 ) 
13.2 275 svrimric acid 
15.7 300sh,315 p-coumaric acid 
16.2 255,350 flavonoid 2a 
16.8 255,350 flavonoid 2b 
17.5 265,350 unknown flavonoid (UPl) 
19.2 300sh,325 ferulic acid 
19.9 260,350 quercetin-3-galactoside 
20.7 320 sinapic acid 
21.6 255,350 rutin 
22.8 260,350 quercetin-3-glucoside 
23.2 280, 320sh eriodictyol 
23.8 300sh,325 unknown phenolic (UP3) 
24.6 270,350 kaempferol-3-rutinoside 
25.6 265,365 myricetin 
27.2 265,350 unknown flavonoid (UF2) 
28.1 280 cinnamic acid 
29.9 290,325 naringenin 
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CHAPTER 3 - Part 2. Analysis of phenolics 
3.5 Results - Part 2 
Part 2 of these results covers the survey of anthocyanins, flavonoids and phenolic acids in 
the tubers (skin and flesh), flowers and leaves of S. tuberosum cultivars and other 
Solanum species. Comparison of the concentrations of anthocyanins, flavonoids and 
phenolic acids with enzyme activities in the tubers of five S. tuberosum cultivars was 
carried out, as well as a brief investigation of the effect of disease on the concentrations 
of these phenolics. 
3.5.1 Solanum tuberosum cultivars 
The characteristics and parentage of S. tuberosum cultivars used in this study are sb.own 
in Appendix 1 (Tables AI.l and AI.2). The Amax values of extracts :from tubers, flowers 
and leaves of S. tuberosum cultivars were measured to give an indication of the identity 
of the major anthocyanin present in each sample (Table 3.22). Samples were also 
analysed by TLC (developed in BAW), and the identity of the spots determined. 
Samples which contained anthocyanins were hydrolysed in acid and the aglycone :fraction 
analysed by TLC (developed in Forestal) (Table 3.22). These results were used to 
confirm the identities of the major anthocyanins determined later by HPLC analyses. 
Table 3.22 Spectral and chromatographic analysis of the major anthocyanins 
contained in Solanum tuberosum extracts. 
Table 3.22a) Skin 
Cultivar Unhydrobsed glycosides Aglycones 
!vInal( Rf Colour Identity Rf Colour Identity 
BAW Forestal 
Arran Victory 538 50.6 purple anth-1 37.8 . purple Pt 
Blue Derwent 538 49.5 purple anth-1 38.9 purple Pt 
Catriona 
- - -
Desiree 510 45.7 pink: Pg-3-r 58.1 purple Pn 
55.3 pink: Pn-gly 61.9 pink: Pg* 
76.1 pink: anth-3 
continued ... 
Note anth-1, anth-2, and anth-3 have been identified as Pt-3-(p-coumaroyl-rut)-5-glu, 
Mv-3-(p-coumaroyl-rut)-5-g1u and Pg-3-(p-coumaroyl-rut)-5-glu respectively (Section 3.4.1), 
similarly flavonoids 2a and 2b have been identified as Qu-gly 2a and Qu-gly 2b (Section 3.4.4). 
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Table 3.22a) continued ... 
Cultivar Unhydrolysed glycosides Aglycones 
/vmax Rf Colour Identity Rf Colour Identity 
BAW Forestal 
129 538 49.2 pink pg-3-r 60.5 pink Pg 
76.0 pink anth-3 
153 538 50.3 purple anth-l 37.6 purple Pt 
Kowiniwini 538 49.7 I purple anth-l 38.3 purple Pt* 
urple anth-2 51.7 purple Mv 
Maori Chief 538 
I I 
urple anth-l 37.8 purple Pt 
MoeMoe 538 1 49.3 purple anth-l 37.1 purple Pt 
Northern Star 
- - -
Old Red 538 48.9 purple anth-l 38.9 purple Pt 
55.0 purple anth-2 53.5 purple Mv* 
060/1 514 76.9 pink anth-3 60.1 ~ink Pg 
, 
Poiwa 538 49.3 purple anth-l 38.9 I purple Pt 
Raupi 538 49.0 purple anth-l 38.3 purple Pt 
Red Flesh 510 49.9 pink Pg-3-r 58.2 purple Pn 
54.7 pink Pn-gly 61.9 pink Pg* 
77.6 pink anth-3 I 
Red Rascal 514 75.5 pink anth-3 60.1 pink Pg 
Red Rocks 510 48.3 pink Pg-3-r 60.4 pink Pg 
76.5 pink anth-3 
Rua 
- - -
Russet Burbank - - -
Skerry Blue 538 30.2 purple 36.5 purple Pt* 
48.8 purple anth-l 51.0 purple Mv 
Stage II Blue 538 51.1 pnrple anth-l 37.3 purple Pt* 
56.5 purple anth-2 52.6 purple Mv 
Tekau 532 X X 
Urenika 538 49.7 I purple anth-l 37.3 purple Pt 
54.4 purple anth-2 52.2 purple Mv* 
Whitu 
-
-
-
177/3 
- - -
289/3 532 X X 
1858.21 
- - -
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Table 3.22b) Flesh 
Cultivar Unhydrolysed glycosides Ag;lycones 
"'max Rf Colour Identity Rf Colour Identity 
BAW Forestal 
Arran Victory 538 50.0 purple anth-l X 
153 538 50.0 purple anth-l 36.5 purple Pt 
Red Flesh 510 76.8 pink: anth-3 61.9 pink: Pg 
Skerry Blue 538 48.3 purple anth-l X 
S~ellBlue 538 50.0 purple anth-l X 
55.0 purple anth-2 
Urenika 538 48.3 purple anth-l 36.7 pUrQle Pt 
55.0 purple anth-2 53.6 purple Mv* 
1858.21 532 X X 
Table 3.22c) Flowers 
Cultivar Unhydroh sed glycosides 
"'max Rf Colour Identity 
BAW 
Catriona 532 57.3 purple anth-2 
Desiree 528 53.4 pink: Pn-gly 
129 528 X 
153 528 X 
Kowiniwini 532 48.3 purple anth-l 
54.8 purple anth-2 
MoeMoe 538 48.8 purple anth-l 
MlO 528 X 
Ngaoutiouti 538 48.4 purple anth-l 
060/1 528 57.2 purple anth-2 
Poiwa 538 48.4 purple anth-l 
Raupi 534 48.6 purple anth-l 
55.0 purple anth-2 
Red Flesh 524 54.2 pink: Pn-gly 
continued ... 
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Table 3.22c) continued ... 
Cultivar Unhydrolysed glycosides 
"'max Rf Colour Identity 
BAW 
Red Rascal 528 42.6 pink 
51.6 pink Pn-gly 
Red Rocks 528 X 
Rua 528 X 
Russet Burbank 528 X 
Skerry Blue 538 49.7 purple anth-l 
Stage II Blue 532 X 
Tekau 532 X 
Urenika 538 48,8 purple anth-l 
177/3 534 48.2 purple anth-l 
289/3 532 49.1 purple anth-l 
1858,21 528 50.1 purple anth-l 
* = in cultivars with two aglycone spots * indicates the strongest spot 
X = sample not run on TLC (not enough anthocyanin present) 
- = no anthocyanin present 
Mv = malvidin 
Pg = pelargonidin 
Pt = petunidin 
anth-l petunidin-3-(p-coumaroyl-rutinoside )-5-glucoside 
anth-2 = malvidin-3-(p-coumaroyl-rutinoside)-5-glucoside 
anth-3 = pelargonidin-3-(p-coumaroyl-rutinoside)-5-glucoside 
Pg-3-r = pelargonidin-3-rutinoside 
Pn-gly = peonidin-3-(p-coumaroyl-rutinoside )-5-glucoside 
These extracts from S. tuberosum cultivars were subsequently analysed by analytical 
HPLC, and the identities and concentrations of phenolic acids, flavonoids and 
anthocyanins determined and calculated by comparison with authentic standards (Chapter 
3.4 and Appendix 3). The identity of the major anthocyanin(s) present in each sample 
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agreed with that detennined by TLC (Table 3.22). The total concentration of phenolic 
acids, flavonoids and anthocyanins, and percentage of each class fur each cultivar is 
given in Table 3.23. 
Table 3.23 Concentrations and percentages of phenolic acids, flavonoids 
and anthocyanins fO\llld in Solanum tuberosum cultivars. 
(See Appendix 1, Table A1.2 for tuber and flower colours) 
Cultivar Plant Phenolic Flavonoids Anthocyanins Ratio (%)# 
tissue acids 
Jj.wgyw 
Arran Victory * skin 2785.3 289.6 1700.2 58.3/6.1135.6 
pUlplesk!n * flesh 638.6 27.1 106.9 82.7/3.5/13.8 
white flesh ** skin 3879.1 353.9 2386.9 58.6/5.3/36.1 
** flesh 345.6 29.9 78.2 76.116.6117.2 
* flowers 1 
* leaves 693.0 1710.7 0 28.8171.210 
Blue Derwent * skin 4393.0 289.9 2485.8 61.3/4.1/34.7 
purple skin * flesh 292.1 9.2 10.8 93.6/2.9/3.5 
whiteflesh ** skin 4809.9 242.7 3089.9 59.1/3.0/37.9 
** flesh 255.4 7.4 103.7 69.7/2.0/28.3 
* flowers 1 
* leaves 368.8 637.5 0 36.6/63.4/0 
Catriona * 784.1 207.0 10 89.6/10.4/0 
whitesk!n * flesh 139.7 0 10 100/0/0 
white flesh ** skin 3220.0 331.3 238.7 85.0/8.7/6.3 
** flesh 115.7 4.7 0 96.1/3.9/0 
* flowers 902.4 1554.6 1006.6 26.1144.9/29.1 
* leaves 823.3 1069.0 0 43.5/56.5/0 
Desiree * skin 2292.3 336.9 712.5 68.6/10.1/21.3 
red skin * flesh 337.5 15.3 0 95.7/4.3/0 
white.flesh ** skin 2923.3 392.3 1445.4 61.4/8.2/30.4 
** flesh 273.5 10.2 0 96.4/3.6/0 
* flowers 732.7 2127.5 171.5 24.2170.2/5.7 
* leaves 311.0 725.2 0 30.0170.0/0 
continued ... 
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Table 3.23 continued ... 
Plant Phenolic Flavonoids Anthocyanins Ratio (%)# 
Cultivar tissue acids 
JJ.wgFW 
129 * skin 3432.1 255.5 194.5 88.4/6.6/5.0 
red skin * flesh 201.9 31.8 0 86.4/13.6/0 
whiteflesh ** skin 3256.6 373.3 448.2 79.9/9.2/11.0 
** flesh 480.5 27.7 0 94.5/5.5/0 
* flowers 910 0 1933.4 17.3 31.8/67.6/0.6 
* leaves 1142.5 1316.3 0 I 46.5/53.5/0 
153 * skin 2338.4 261.3 719.6 70.417.9/21. 7 
purple skin * flesh 447.0 29.3 463.6 47.6/3.1149.3 
purple flesh ** skin 5150.7 548.4 3480.9 56.116.0/37.9 
** flesh 458.3 20.8 522.3 45.8/2.1/52.2 
* flowers 698.6 2558.7 8.3 21.4/78.4/0.3 
* leaves 1005.8 0 37.5/62.5/0 
Kowiniwini * skin 2036.0 239.7 1986.4 47.8/5.6/46.6 
purpieskin * flesh 185.7 4.6 8.9 93.212.3/4.5 
white.flesh ** skin 2141.1 219.2 2016.0 48.9/5.0/46.1 
** flesh 171.0 15.6 43.8 74.2/6.8/19.0 
* flowers 1 
* leaves 726.9 1334.1 0 35.3/64.7/0. 
Maori Chief * skin r. 9.3 279.0 806.3 59.7/10.4129.9 
purple skin * flesh I 191.5 7.0 124.6 85.8/3.1111.0 
white flesh ** skin 2050.4 310.8 656.1 68.0110.3121.7 
** flesh 204.8 6.7 0 96.8/3.2/0 
* flowers] 
* leaves 260.6 551.4 0 32.1167.9/0 
Moe Moe * skin 2386.5 287.8 824.7 68.2/8.2/23.6 
purple skin * flesh 168.7 7.5 8.3 91.4/4.114.5 
white flesh ** skin 2989.4 337.2 691.7 74.4/8.4/17.2 
** flesh 149.3 7.7 18.5 85.114.4/10.5 
* flowers 1081.1 1834.4 697.3 29.9/50.8/19.3 
* leaves 566.6 1038.0 0 35.3/64.7/0 
continued ... 
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Table 3.23 continued ... 
Cultivar Plant Phenolic Flavonoids Anthocyanins Ratio (%)# 
tissue acids 
IlwgFW 
MIO * skin 129 . 5.4 0 88.7/11. 3/0 
white skin * flesh 289.3 4.0 0 98.6/1.4/0 
white flesh * flowers 549.6 1094.3 0 33.4/66.6/0 
* leaves 161.5 485.8 0 24.9/75.1/0 
Ngaoutiouti * skin 1733.0 110.2 431.1 76.2/4.8/19.0 
purple skin * flesh 156.1 4.9 38.4 78.312.5/19.3 
whiteflesh ** skin 2932.9 227.3 1083.7 69.1/5.4/25.5 
** flesh 150.2 10.7 30.2 78.6/5.6/15.8 
* flowers 1036.8 1746.5 475.0 31.8/53.6/14.6 
* leaves 1116.6 1959.8 0 36.3/63.7/0 
Northern Star * skin 1497.5 169.6 15.4 89.0/10.110.9 
white skin * flesh 105.6 2.7 0 97.5/2.5/0 
white.flesh ** skin 2908.9 253.0 162.5 87.5/7.6/4.9 
** flesh 122.5 11.8 0 91.2/8.8/0 
* flowers! 
* leaves 482.3 894.4 0 35.0/65.0/0 
Old Red * skin 2360.7 234.5 1409.4 58.915.9/35.2 
purple skin * flesh 160.8 5'.1 0 96.9/3.110 
whiteflesh ** skin 2720.6 281.5 2591.4 48.6/5.0/46.3 
** flesh 194.9 0 14.6 93.0/0/7.0 
* flowers l 
* leaves 444.8 1423.1 0 23.8/76.2/0 
060/1 * skin 2309.8 324.6 220.0 80.9111.417.7 
red skin * flesh 337.2 25.7 0 92.9/7.110 
white flesh ** skin 3311.5 479.6 1772.8 72.6/10.5/16.9 
** flesh 283.3 12.2 0 95.9/4.110 
* flowers 898.1 1341.0 1404.3 24.7/36.8/38.5 
* leaves 845.3 927.9 0 47.7/52.3/0 
continued ... 
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Table 3.23 continued ... 
Cultivar Plant Phenolic Flavonoids Anthocyanins Ratio (%)# 
tissue acids 
I-twgFW 
Poiwa * skin I 1933. 396.4 77.7/6.4/15.9 
purple skin * flesh 147.6 7.2 0 95.3/4.7/0 
whiteflesh ** skin 1791.9 193.7 246.3 80.3 
** flesh 119.2 5.5 0 95.61 
* flowers 1014.4 1812.8 688.1 28.9/51.6/19.6 
* leaves 454.9 770.2 0 37.1162.9/0 
Raupi * skin 975.8 227.1 369.4 62.1114.4123.5 
purple skin * flesh 126.0 1.9 0 98.5/1.5/0 
whiteflesh **skin 2030.5 254.2 997.7 61.917.7/30.4 
** flesh 120.3 9.5 11.9 84.9/6.7/8.4 
* flowers 1127.9 2256.4 1592.0 22.7/45.3/32.0 
* leaves 880.4 I 1417.0 0 
Red Flesh * skin 3239.1 335.3 1953.6 
red skin * flesh 736.1 30.9 98.6 85.013.6/11.4 
redflesh ** skin 3889.7 492.9 3325.2 50.516.4/43.1 
** flesh 628.6 24.0 114.8 81.9/3.1115.0 
* flowers 895.1 1197.7 59.2 41.6155.7/2.8 
* leaves 998.6 2'126.9 0 32.0/68.0/0 
Red Rascal _L' 2273.2 220.9 605.0 73.417.1119.5 iS1I.lIl 
redskin * flesh 345.3 17.6 0 95.2/4.8/0 
whiteflesh ** skin 2880.6 327.7 1091.5 67.0/7.6/25.4 
** flesh 235.8 16.2 0 93.6/6.4/0 
* flowers 750.4 2292.7 200.5 23.1170.7/6.2 
* leaves 1596.0 2010.3 0 44.3/55.7/0 
Red Rocks * skin 2169.8 216.5 262.9 81.9/8.2/9.9 
red skin I * flesh 255.4 10.2 0 96.2/3.8/0 
whiteflesh ** skin 2514.8 161.6 204.6 87.3/5.617.1 
** flesh 111.3 8.9 0 92.617.4/0 
* flowers 981.4 2854.5 31.1 25.4173.8/0.8 
* leaves 797.6 1339.2 0 37.3/62.7/0 
continued ... 
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Table 3.23 continued ... 
Cultivar Plant Phenolic Flavonoids Anthocyanins Ratio (%)# 
tissue acids 
~gJgFW 
Russet Burbank * skin 1415.2 206.6 0 87.3/12.7/0 
white skin * flesh 243.1 17.1 0 93.4/6.6/0 
whitejlesh ** skin 2044.9 246.9 0 89.2/10.8/0 
** flesh 129.7 18.2 0 87.7/12.3/0 
* flowers 813.6 2222.4 40.6 26.4172.2/1.3 
* leaves 216.2 683.7 0 24.0/76.0/0 
Skerry Blue * skin 2716.4 319.1 1116.2 65.417.7/26.9 
purple skin * flesh 288.0 17.5 89.3 72.9/4.4/22.6 
white jlesh ** skin 3561.5 315.8 1579.2 65.3/5.8/28.9 
** flesh 173.1 9.0 33.9 80.114.2/15.7 
* flowers l 
* leaves 996.8 1 1993.8 0 33.3/66.7/0 
Stage II Blue * skin 3036.7 252.1 2643.4 .2/44.6 
purple skin * flesh 396.4 10.0 29.5 90.9/2.3/6.8 
purpleflesh ** skin 6239.7 453.6 7446.6 44.1/3.2/52.7 
** flesh 516.0 17.5 218.5 68.6/2.3/29.1 
* flowers 706.2 1808.2 9.5 28.0/71.6/0.4 
* leaves 1228.3 2036.3 0 37.6/62.4/0 
Tekau * skin 1230.2 148.2 26.1 87.6/10.6/1.9 
white skin * flesh 168.3 11.7 10 93.5/6.5/0 
whitejlesh ** skin 2069.3 194.5 I 81.8 88.2/8.3/3.5 
** flesh 145.1 8.8 0 94.3/5.7/0 
* flowers 824.5 2979.4 33.5 21.5/77.610.9 
* leaves 1211.0 1092.8 0 52.6/47.4/0 
Urenika * skin 3828.7 146.4 4376.4 45.8/1.8/52.4 
purple skin * flesh 1221.0 41.3 2320.3 34.111.2/64.8 
purple jlesh ** skin 5344.4 162.5 5778.8 47.4/1.4/51.2 
** flesh 1229.0 44.2 1351.6 46.8/1.7/51.5 
* flowers 767.2 1217.1 189.8 35.3/56.0/8.7 
* leaves 403.7 693.3 0 36.8/63.2/0 
continued ... 
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Table 3.23 continued ... 
Cultivar Plant Phenolic Flavonoids Anthocyanins Ratio (%l 
tissue acids 
wli@W 
Whitu IOAA £. I 149.7 16.6 86.3/12.4/1.4 
white skin * flesh 188.5 26.3 0 87.7/12.2/0 
white flesh * flowers1 
* leaves 783.0 1641.1 0 32.3/67.7/0 
177/3 * skin 935.1 158.3 0 85.5/14.5/0 
white skin * flesh 72.6 9.3 0 88.6/11.4/0 
white flesh ** skin 1679.7 210.9 0 88.8/11.2/0 
** flesh 77.5 12.1 0 86.5/13.5/0 
* flowers 316.5 1896.7 707.4 10.8/64.9/24.2 
* leaves 1416.0 2164.6 0 39.5/60.5/0 
289/3 * skin 1802.3 271.1 24.3 85.9/12.9/1.2 
white skin * flesh 269.8 20.7 0 92.9/7.1/0 
whiteflesh ** skin 2512.0 293.6 307.3 80.7/9.4/9.9 
** flesh 154.8 18.0 0 89.6/10.4/0 
* flowers 698.6 2033.3 1678.2 15.8/46.1/38.1 
* leaves 570.4 991.3 0 36.5/63.5/0 
1858.21 * skin 817.1 118.3 0 87.4/12.6/0 
white skin * flesh 142.4 8".6 0 94.3/5.7/0 
whiteflesh ** skin 1543.8 221.2 I 51.1 85.0/12.2/2.8 
** flesh 140.1 16.2 0 89.6/10.4/0 
* flowers 689.3 2345.9 111.7 21.9/74.5/3.5 
* leaves 512.1 689.3 0 42.6/57.4/0 
The colour of the skin and flesh in italics represents the colour classes in which tubers were 
grouped in for analyses. 
# ratio of phenolic acids: flavonoids (excluding anthocyanins) : anthocyanins 
* 1992/93 season 
** 1993/94 season 
1 produced too few flowers for analysis or did not flower 
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Tubers (skin and flesh) were found to have a very high percentage of phenolic acids (an 
average of 79. 1 % ) and a relatively low percentage of flavonoids ( excluding 
anthocyanins) (an average of 8.6% flavonoids), whereas the flowers had a high 
percentage of flavonoids (an average of 6 L 6%) and a much lower percentage of 
phenolic acids (an average of 25.2%) (Table 3.23). The tubers and flowers had varying 
concentrations of anthocyanins, but in tubers the percentage concentration of flavonoid 
remained constant and the percentage of phenolic acids was related to the anthocyanin 
concentration. By contrast, in flowers the percentage of phenolics remained relatively 
constant and the flavonoid percentage altered with the anthocyanin percentage. Leaves 
contained, on average, 36.4% phenolics acids, 63.6% flavonoids and no anthocyanins 
(Table 3.23). 
3.5.1.1 Total concentration o/phenolic acids, flavonoids and anthocyanins in tubers 
The tubers of S. tuberosum cultivars were grouped according to tuber colour (for skin 
colours, white, purple and red, and for flesh colours, white skin with white flesh, 
coloured skin with white flesh, purple skin with purple flesh, and red skin with red flesh) 
(Table 3.23). This grouping of tubers into colour groups was carried out to establish 
whether or not there were any significant differences in phenolic concentrations related 
to the colour of the tuber, and to determine where the biochemical pathways differed in 
tubers which produced anthocyanin and compared with those which did not. The 
concentrations of total phenolic acids, flavonoids and anthocyanins were averaged for 
each colour group and are shown in Figure 3.17, Because of the wide range of 
concentrations present, these are shown on a log scale and, whilst this enables the 
thousand-fold difference to be viewed easily on the same axis, the significant differences 
between tuber colours of compounds at high concentrations are often not visible. Data 
in the figures are presented as averages of the colour groups, whilst the ranges presented 
in the text are quoted from the data presented in Appendix 3 and represent the range of 
concentrations found in the different cultivars (Tables A3.1, A3.2 and A3.3). 
Skin 
Depending on the cultivar, the skin of tubers contained between 2000-5000Ilg!gFW 
phenolic acids, 200-300Ilg!gFW flavonoids and 0-7000Ilg!gFW anthocyanins (Figure 
3.17a). Purple and red skinned tubers contained almost double the concentration of 
phenolic acids of white skinned tubers. There was also a smaller but significant 
difference (p<O.05) in the flavonoid concentration between these classes, with coloured 
tubers containing higher concentrations offlavonoids than white tubers. Not surprisingly 
there was a huge increase in anthocyanin concentration from white to coloured tubers 
(Figure 3. 17a). 
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There was also a difference in phenolic acid, flavonoid and anthocyanin concentrations 
between the 1992/93 and 1993/94 seasons, where the 1993/94 season had significantly 
higher concentrations of all these three classes in the skin of tubers (Figure 3. 17a). 
However, for each season the difference between white and coloured skinned tubers 
showed the same general pattern. 
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Figure 3.17 Total concentration of phenolics in a) skin and b) flesh of white, 
purple and red Solanum tuberosum cultivars. 
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Flesh 
Tuber flesh contained much lower concentrations of phenolic acids, flavonoids and 
anthocyanins than the skin (per gFW); often an order of magnitude lower. Depending on 
the cuhivar, the concentration in the flesh of phenolic acids was between 100-600 
J.tglgFW, of flavonoids was between 0-30J.tglgFW and of anthocyanins was between 
0-2000J.tglgFW (Figure 3.17b). In contrast to the values for the skin, there was virtually 
no difference between the 1992/93 and 1993/94 seasons for concentrations of phenolic 
acids, flavonoids or anthocyanins in the flesh. 
The flesh of white fleshed tubers with coloured skin had a significantly (p<0.05) higher 
concentration of phenolic acids than the flesh of white fleshed tubers with white skin 
(Figure 3.17b). Tubers with coloured flesh (purple or red) had three to four times the 
concentration of phenolic acids in the flesh than white fleshed tubers, however there was 
no difference in phenolic acid concentration between purple or red flesh (Figure 3. 17b). 
The flavonoid concentration of coloured fleshed tubers was twice that of white fleshed 
tubers, but there was no difference between purple and red flesh, or between white flesh 
with or without coloured skin. Anthocyanin concentration was highest in purple fleshed 
tubers, followed by red fleshed and then white fleshed tubers with coloured skin, with 
ten-fold differences between each class. The tubers with white flesh and skin contained 
no anthocyanin in the flesh. 
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Regression analysis was carned out to detennine if there was a correlation between the 
phenolic acids, flavonoids and anthocyanin concentrations of tuber skin. There were 
slight positive correlations between anthocyanin and flavonoid concentration 
(R2= 23.0%) and between flavonoid and phenolic acid concentration (R2 38.9%). 
There was a good positive correlation between the anthocyanin and phenolic acid 
concentrations (R2 = 78.0%) with more coloured tubers containing higher concentrations 
of phenolic acids (Fignre 3.18). There was also a good positive correlation between 
anthocyanin and chlorogenic acid concentration (R2 = 75.9%), which was expected as 
chlorogenic acid accounted for 60-90% of the total phenolic acid concentration. 
Therefore, the concentration of anthocyanins was related to the concentration of 
phenolic acids, but not to the flavonoid concentration. 
3.5.1.2 Concentrations of individual phenolic acids, flavonoids and anthocyantns in 
tubers 
The average concentrations of individual phenolic acids, flavonoids and anthocyanins 
using the different colour groups of tubers are shown in Fignres 3.19, 3.20 and 3.21. 
Although the concentration of all the classes of phenolics were higher in the 1993/94 
season than the 1992/93 season, the pattern of the individual compounds was similar, 
therefore only the data for the 1992/93 season are presented in these fignres. Data for 
both seasons are presented in Appendix 3 (Tables A3.4, A3.5 and A3.6). 
Phenolic acids 
Skin. Tuber skin had high concentrations of chlorogenic acid (1000-4000j.tg/gFW), with 
moderate amounts of protocatechuic acid (IOO-400j.tg/gFW), caffeic acid (40-500 
j.tg/gFW), UP1 (30-400j.tg/gFW), vanillic acid (20-200j.tg/gFW) and sinapic acid (20-
25 o j.tg/gFW) , and lower concentrations of gallic acid, syringic acid, p-coumaric acid, 
fernlic acid, UP2, salicylic acid, UP3 and cinnamic acid (all 0-30j.tg/gFW) with the 
concentrations of these depending on the cultivar (Appendix 3, Table A3.I). The 
average differences in the concentrations of these phenolic acids between the skins of 
white, purple and red tubers is shown in Fignre 3.19a. 
Flesh. As previously mentioned, the concentration of phenolic acids was much lower in· 
the flesh than the skin (Section 3.5.1.1). Chlorogenic acid (30-900j.tg/gFW) and 
protocatechuic acid (50-200j.tg/gFW) were present in the highest concentrations, with 
UPI, vanillic acid and p-coumaric acid present in moderate amounts (5-40j.tg/gFW), and 
the other phenolic acids present in velY small concentrations (O-IOJ.tg/gFW) with the 
concentrations of these phenolic acids depending on the cultivar (Appendix 3, 
Table A3.I). 
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Figure 3.19 Phenolic acid concentrations in a) skin and b) flesh of different 
coloured Solanum tuberosum cultivars. 
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Figure 3.20 Flavonoid concentrations in a) skin and b) flesh of different 
coloured Solanum tuberosum cultivars. 
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Figure 3.21 Anthocyanin concentrations in a) skin and b) flesh of different 
coloured Solanum tuberosum cultivars. 
Chapter 3 Identification and quantitative determination 115 
The concentrations of chlorogenic acid, UPl, vanillic acid, ferulic acid and salicylic acid 
were significantly higher in tubers with colonred flesh than white flesh. There was no 
significant difference of individual phenolic acid concentrations between white flesh with 
white or colonred skin, or between red and purple flesh (Figure 3.19b). 
Flavonoids 
Skin and flesh. Flavonoids that showed the highest concentrations in the skin were 
catechin, epicatechin, eriodicty04 Km-3-rut and naringenin (with concentrations between 
10-150Ilg/gFW), whilst Qu-gly 2a, Qu-gly 2b, UFI and My had slightly lower 
concentrations (between 0-401lg/gFW), and UF2 and rutin, and were either not detected, 
or were present only at very low concentrations (0-51lg/gFW) (Appendix 3, Table A3.2). 
Catechin was the only flavonoid found consistently in almost all flesh extracts (0-25 
llg/gFW). Epicatechin was found in skin extracts, but none was detected in flesh 
samples. 
There was little or no difference in the concentrations of the various flavonoids between 
white, purple or red skinned tubers; or tubers with white or colonred flesh, however red 
skinned tubers had a significantly higher concentration of Km-3-rut than did white or 
purple skinned tubers (Figure 3.20a and b). 
Anthocyanins 
Skin and flesh. As expected, the white skinned, white fleshed tubers contained very 
little or no anthocyanin. Tubers with purple skin and/or flesh contained high 
concentrations of Pt-3-(p-coumaroyl-rut}-5-glu (anth-l) and Mv-3-(p-coumaroyl-rut)-5-
glu (anth-2), with lower concentrations ofUA1, Dp-3-rut and Mv-3-rut; whereas the red 
skinned and fleshed tubers contained high concentrations of Pg-3-(p-coumaroyl-rut)-5-
gill (anth-3) and Pn-3-(p-coumaroyl-rut)-5-glu, and lower concentrations ofPg-3-rut and 
other unknown anthocyanins (Figure 3.21a and b, Appendix 3, Table A3.3). 
3.5.1.3 Total concentrations of phenolic acids, flavonoids and anthocyanins in flowers 
.~ 
Flowers contained lower concentrations of phenolic acids (400-11001lg/gFW), higher 
concentrations of flavonoids (1000-3000Ilg/gFW) and generally lower concentrations of 
anthocyanins (0-16001lg/gFW) than did tuber skins, with the concentrations of the 
individual phenolics depending on the cultivar (Appendix 3). The pattern of flavonoids 
found in flowers appeared to fall into two categories:-
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category 1 - flowers which contained high concentrations of Qu-gly 2a (400-
1500I-lg/gFW), Qu-gly 2b (100-800I-lg/gFW) and rutin (400-1200I-lg/gFW), so that the 
ratio of ([2a] + [2b]) / [rutin] was over one (usually between one and four), 
category 2 - flowers which contained very low concentrations of Qu-gly 2a and 2b 
(20-40I-lg/gFW) and very high concentrations of rutin (1l00-3000I-lg/gFW), depending 
on the cultivar, so that the ratio of([2a] + [2bD / [rutin] was between 0.02 and 0.05. 
Most of the cultivars fell into the first category, with only Catliona, 060/1, Russet 
Burbank:, Tekau, Whitu and 177/3 falling into the second category. Data are presented 
separately for these two categories in Figures 3.22,3.23,3.24 and 3.25, for the total and 
individual concentrations of phenolics. 
The total concentration of phenolic acids, flavonoids and anthocyanins in flowers is 
shown in Figure 3.22. There was no significant difference between the two categories of 
flower for any of these phenolic groups; most surprisingly the flavonoids showed no 
difference in total concentration between the two categories despite the huge difference 
in individual flavonoid concentrations. 
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Figure l.22 Total concentrations of phenolics in the two categories 
of Solanum tuberosum flowers. 
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3.5.1.4 Concentrations of individual phenolics in flowers 
Phenolic acids 
Chlorogenic acid was the major phenolic acid present in flowers, with moderate amounts 
of protocatechuic acid and UPI. Lower concentrations of gallic, p-hydroxybenzoic, 
caffeic, vanillic, syringic, p-coumaric, ferulic, UP2, sinapic and cinnamic acids were 
found, however salicylic acid was not detected in flowers. There was no significant 
difference in any of the individual phenolic acid concentrations between the two 
categories of flower, except for vanillic and p-coumaric acids (Figure 3.23). p-Coumaric 
acid concentrations were extremely low in category 1 flowers with higher concentrations 
in category 2 flowers, whilst vanillic acid was the reverse with no detectable vanillic acid 
in category 2 flowers, but significantly higher concentrations in category 1 flowers. The 
reasons for the differences in these phenolic acid concentrations related to flavonoid 
concentrations in category 1 and 2 flowers is not known. 
Flavonoids 
The major flavonoids found in flowers were the flavonols, Qu-g1y 2a, Qu-g1y 2b and 
rutin, with much lower concentrations of catechin, epicatechin, UFl, Qu-3-gal, Qu-3-
glu, Km-3-rut and UF2 (O-50J.LglgFW) and very low concentrations of eriodictyol and 
naringenin (O-5J.LglgFW). A large difference between categories was shown by some of 
the individual flavonoids (Figure 3.24). As previously mentioned, category 1 flowers 
contained relatively high concentrations of Qu-gly 2a, Qu-gly 2b and rutin (average 
concentrations of 767, 376 and 663JlglgFW respectively), whilst category 2 flowers 
contained very low concentrations of Qu-gly 2a and Qu-gly 2b, and very high 
concentrations of rutin (average concentrations of29, 31 and 1803JlglgFW respectively). 
A small, but significant, difference was observed for Km-3-rut with a higher 
concentration shown by category 2 flowers (Figure 3.24). There were no significant 
differences for any of the other flavonoids. 
Anthocyanins 
The major anthocyanins found in flowers were Pt-3-(p-coumaroyl-rut)-5-glu (anth-l) 
and Mv-3-(p-coumaroyl-rut)-5-glu (anth-2). Higher concentrations of Dp-3-rut, Mv-3-
(p-coumaroyl-rut)-5-glu (anth-2) and a Pg-g1y were found in category 2 flowers, but 
differences were not significant (Figure 3.25). 
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Figure 3.23 Phenolic acid concentrations in the two categories of Solanum tuberosum flowers. 
-S 
LL 
01 
--01 
::i 
............ 
C 
0 
1ij 
L 
+-' C 
OJ 
U 
C 
0 
U 
Chapter 3 Identification and quantitative determination 119 
103 
102 
101 
10° 
cat 
Flavonoid category 
category 1 
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cat = catechin 
epi = epicatechin 
epi 2a 2b UF1 q3gal rut q3glu 
Flavonoid 
2a = quercetin-glycoside 2a (Qu-gly 2a) 
2b = quercetin-glycoside 2b (Qu-gly 2b) 
UF 1 = unidentified flavonoid 1 
q3gal = quercetin-3-galactoside (Qu-3-gal) 
rut = rutin 
q3glu = quercetin-3-glucoside (Qu-3-glu) 
eri = eriodictyol 
Km3r = kaempferol-3-rutinoside (Km-3-rut) 
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Figure 3.24 Flavonoid concentrations in the two categories of Solanum tuberosum flowers. 
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UA 1 Dp-3-r Cy-3-r Pg-3-r anth-1 Pn-gly anth-2 Pg-gly 
Anthocyanin 
UA1 = unidentified anthocyanin 1 
Dp-3-r delphinidin-3-rutinoside 
Cy-3-r = cyanidin-3-rutinoside 
Pg-3-r pelargonidin-3-rutinoside 
anth-1 petunidin-3-(p-coumaroyl-rutinoside )-5-glucoside 
Pn-giy = peonidin-3-(p-coumaroyl-rutinoside)-5-giucoside 
anth-2 malvidin-3-(p-coumaroyl-rutinoside)-5-giucoside 
Pg-giy pelargonidin-giycoside 
Figure 3.25 Anthocyanin concentrations in the two categories of Solanum tuberosum flowers. 
3.5.1.5 Total concentrations of phenolic acids, flavonoids and anthocyanins in leaves 
Leaves contained similar concentrations of phenolic acids (between 200-1600Ilg/gFW, 
depending on the cultivar) and lower concentrations of flavonoids (between 500-2400 
llg/gFW, depending on the cultivar) than flowers (Appendix 3). No anthocyanins were 
detected in the leaves of S. tuberosum cultivars. 
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The flavonoid pattern in leaves was similar to that observed in flowers, with the ratio of 
([2a] + [2b]) I [rutin] also falling into two categories. Thus, cultivars with a high ratio in 
flowers also had a high ratio in leaves, and flowers with a very low ratio were also found 
to have a matching low value in leaves. Therefore, the following data are also presented 
in these two categories for leaves (Figures 3.26, 3.27,3.28). 
As previously found in flowers (Figure 3.22), there was no significant difference between 
the two categories of leaf for total phenolic acids, flavonoids or anthocyanins (Figure 
3.26). 
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Figure 3.26 Total concentrations of phenolics in the two categories of 
Solanum tuberosum leaves. 
3.5.1. 6 Concentrations of individual phenolics in leaves 
Phenolic acids 
Individual leaf phenolic acids (Figure 3.27) showed a similar pattern to flowers (Figure 
3.23), with the major phenolic acid being chlorogenic acid and with moderate amounts of 
protocatechuic acid,p-hydroxybenzoic acid and UP1. Low concentrations ofUP2, UP3 
and gallic, caffeic, vanillic, syringic, p-coumaric, ferulic, sinapic and cinnamic acids were 
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found but no salicylic acid was detected. There were no significant differences in leaf 
phenolic acids between categories 1 and 2 (Figure 3.27). 
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Figure 3.27 Phenolic acid concentrations in the two categories of Solanum tuberosum leaves. 
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Flavonoid 
Flavonoid category 
category 1 
category 2 
cat catechin 
epi = epicatechin 
2a = quercetin-glycoside 2a (Qu-gly 2a) 
2b = quercetin-glycoside 2b (Qu-gly 2b) 
UF 1 = unidentified flavonoid 1 
q3gal = quercetin-3-galactoside (Qu-3-gal) 
rut = rutin 
q3glu = quercetin-3-glucoside (Qu-3-glu) 
eri = eriodictyol 
Km3r = kaempferol-3-rutinoside (Km-3-rut) 
My = myricetin 
UF2 = unidentified flavonoid 2 
nar = naringenin 
Figure 3.28 Flavonoid concentrations in the two categories of Solanum tuberosum leaves, 
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Flavonoids 
A similar pattern of individual leaf flavonoids (Figure 3.28) was found as for flower 
flavonoids (Figure 3.24), with Qu-gly 2a, Qu-gly 2b and rutin having average 
concentrations of 428, 394 and 362~g/gFW respectively for category 1, and 19, 14 and 
1071~g/gFW respectively for category 2. Leaf extracts also showed a clear difference in 
Km-3-rut between categories, with category 2 having a much higher concentration 
(Figure 3.28). As for flower extracts there was no significant difference in any of the 
other flavonoids. 
3.5.2 Analysis of enzyme levels in different cultivars and correlation with 
anthocyanin, flavonoid and phenolic acid concentrations 
The enzyme activities and phenolic concentrations were measured from field grown 
tubers of Arran Victory, Desiree, Red Flesh, Urenika and Whitu plants. The activity of 
phenylalanine ammonia-lyase (PAL) was not closely correlated with the final 
concentrations of anthocyanin, flavonoid or phenolic acids (Table 3.24). Cinnamic acid 
4-hydroxylase (C4H), chalcone isomerase (Cm) and dihydroflavonol reductase (DHR) 
activities showed. a good correlation between anthocyanin and phenolic acid 
concentrations in the skin, and cm activity in the flesh was closely correlated to 
concentration of anthocyanins and flavonoids. Good correlations were also found 
between the activities of glycosyltransferase (GT) with some substrates and the phenolic 
concentrations, and between the activities of flavonoid 3'-hydroxylase (F3'H) with p-
coumaric acid and naringenin as substrates and some phenolic concentrations (Table 
3.24). Activities of flavanone 3-hydroxylase (F3H) showed no significant correlation 
with any ofthe three classes of phenolics (Table 3.24). 
Table 3.24 A) Phenolic concentrations (llglgFW) and B) enzyme activities (% of maximum 
activity for each enzyme) in different cultivars and correlations with phenolic concentrations. 
A) Concentrations of phenolics 
Phenolic Whitu Desiree Arran Red Urenika 
Victory Flesh 
Anthocyanin skin 16.6 712.5 1700.2 2612.9 4376.4 
flesh 0 0 106.9 98.6 2320.3 
Flavonoid skin 149.7 336.9 289.6 335.3 146.4 
flesh 26.3 15.3 27.1 30.9 41.3 
Phenolic acid skin 1004.6 2292.3 2785.3 3239.1 3828.7 
flesh 188.5 337.5 638.6 736.1 1221.0 
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B) Enzyme activities and correlations 
Enzyme assay Whitu Desiree Arran Red Urenika R2 value (%) and 
(substrate) Victory Flesh significance 
PAL Anth Flav Phen 
skin 40.35 100 90.38 55.37 59.12 25.4 50.7 72.1 
flesh 5.04 7.57 5.40 2.48 9.08 68.7 75.8 49.7 
C4H 
skin 51.34 43.42 51.05 50.31 100 97.3* 45.1 88.7 
flesh 1.22 13.30 3.06 2.49 9.12 31.2 97.5* 8.2 
CHI 
skin 2.38 1.03 1.70 16.01 33.23 96.0* 28.0 97.7* 
flesh 0.88 0.00 0.90 53.53 100 81.4 89.7 88.2 
F3H 
(naringenin) skin 60.78 44.69 48.72 68.75 23.87 51.8 17.0 31.5 
flesh 5.98 4.55 2.83 3.99 6.26 81.0 33.4 91.6 
(eriodictyol) skin 73.84 68.20 71.97 100 46.82 54.6 38.4 19.8 
flesh 10.71 7.99 3.35 5.53 10.34 86.6 25.4 93.1 
DHR 
skin 5.98 30.90 10.92 58.92 100 88.3 25.2 87.8 
flesh 9.52 32.1 14.31 17.47 22.43 13.0 85.4 2.5 
F3'H 
(p-coumaric acid) skin 75.00 42.55 47.51 41.03 68.21 80.5 97.0* 90.8 
flesh 15.94 72.51 20.61 46.79 62.93 23.6 77.7 15.7 
(naringenin) skin 12.80 50.58 94.65 89.06 100 94.8 14.1 92.4 
flesh 23.59 14.96 21.08 34.34 25.03 32.5 61.7 22.5 
(kaempferol) skin 1.53 59.5 27.26 58.54 30.86 41.7 83.3 64.4 
flesh 2.34 6.21 3.55 8.87 4.72 12.5 1.8 36.1 
(apigenin) skin 5.52 2.01 13.86 6.28 10.95 30.1 69.9 24.4 
flesh 2.94 3.90 3.22 2.05 2.42 40.9 77.1 35.4 
continued ... 
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B) Enzyme activities and correlations continued ... 
Enzyme assay Whitu 
(substrate) 
GT 
(quercetin/glucose) skin 40.43 
flesh 8.07 
(luteolin/glucose) skin 21.29 
flesh 0.90 
(kaempferol/galactose) skin 36.38 
flesh 0.47 
(quercetin/galactose) skin 63.47 
flesh 9.06 
(luteolin/galactose) skin 17.94 
flesh 0 
(kaempferol/xylose) skin ND 
flesh ND 
(quercetin/xylose) skin ND 
flesh ND 
(luteolin/xylose) skin ND 
flesh ND 
* significant at the 0.05 level 
** significant at the 0.01 level 
Desiree 
31.63 
8.70 
15.42 
11.22 
20.79 
8.53 
42.45 
1.65 
21.29 
5.27 
ND 
ND 
ND 
ND 
ND 
ND 
Anth - anthocyanin concentration (~glgFW) 
Flav - flavonoid concentration (~glgFW) 
Phen - phenolic acid concentration (~glgFW) 
PAL - phenylalanine ammonia-lyase 
C4H - cinnanric acid 4-hydroxylase 
CHI - chalcone isomerase 
F3H - flavanone 3-hydroxylase 
DRR - dihydroflavonol reductase 
F3'H - flavonoid 3'-hydroxylase 
GT - glycosyltransferase 
ND not determined 
- not enough data for regression analysis 
Arran 
24.34 
20.37 
18.82 
3.57 
18.51 
7.26 
31.18 
4.33 
20.79 
3.96 
ND 
ND 
ND 
ND 
ND 
ND 
Red Urenika R2 value (%) and 
Flesh significance 
Anth ,." Phen 
25.l9 40.25 99.7** 91.8 76.4 
84.45 73.37 58.5 57.1 67.6 
12.89 8.80 80.2 20.5 83.2 
.-'.7 5.85 8.5 83.6 1.1 
I 
24.93 36.64 82 96.7* 98.2* 
30.73 28.81 55.5 50.3 71.2 
34.04 27.87 89.3 14.5 96.9* 
35.25 20.50 29.5 42.6 32.5 
18.22 9.26 98.2* 57.9 96.8* 
4.48 5.44 ,)R 7 I 41.1 53.7 
34.12 39.88 
- - -
9.71 6.57 
- - -
20.89 33.45 
-
9.16 11.80 - - -
12.56 8.91 
- - -
3.7 - - -
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3.5.3 Other Solanum species 
Characteristics of the other eight Solanum species used in these experiments are shown 
in Appendix 1 (Table A1.3). Phenolics were extracted from tubers (skin and flesh), 
flowers and leaves of these species and the visible "'max recorded to indicate the identity 
of the major anthocyanidin present in the extracts (Table 3.25). The visible "'max of all 
extracts (when present) was 538nm which indicated that the major aglycone was a 
glycoside ofMv, Dp or Pt. 
Table 3.25 "-max values of Solanum extracts. 
Species Species line skin flower leaf 
S. acaule subsp. acaule ACL 2113 - 538 -
S. acaule subsp. aemulans ACLAEM3734 - 538 538 
S. berthaultii BER4036 - 538 -
S. gourlayi GRL2480 538 538 538 
S. oplocense OPL 3777 - 538 -
S. sanctae-rosae SCT 3269 - 538 538 
S. sanctae-rosae SCT 3779 538 538 538 
S. sparsipilum SPL 3488 538 538 538 
S. sparsipilum SPL 3563 538 538 538 
S. speggazzinii SPG 3745 538 538 -
S. speggazzinii SPG3791 538 538 -
S. stenotomum STN 4711 - 538 -
- = no anthocyanin present 
The extracts were analysed by analytical HPLC and the identities and concentrations of 
phenolic acids, flavonoids and anthocyanins determined. The identity of the major 
anthocyanin, usually Pt-3-(p-coumaroyl-rut)-5-glu (anth-1), was supported by the "'max 
values. Concentrations of individual phenolic acids, flavonoids and anthocyanins for 
each species are shown in Appendix 4. Figures 3.29, 3.30 and 3.31 show the total 
concentration of compounds in these phenolic classes from the skin, flesh, flowers and 
leaves of these species. Average values of predominantly white skinned S. tuberosum 
cultivars are shown as a comparison, because the other Solanum species typically had 
mostly white skinned tubers. Concentrations of all phenolics were higher in the skin than 
in the flesh, and higher in flowers than in leaves for all species. 
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tuber skin 
tuber flesh 
ACL = S. acuale subsp. acaule - ACL 2113 
ACLA = S. acaule subsp. aemulans - ACLAEM 3734 
BER S. berthaultii - BER 4036 
GRL = S. gourlayi subsp. gourlayi GRL 2480 
OPL = S. oplocense - OPL 3777 
SCT = S. sanctae-rosae - SCT 3269 
SCT2 S. santae-rosae - SCT 3779 
b 
flowers 
leaves 
SPL S. sparsipilum - SPL 3488 
SPL2 = S. sparsipilum - SPL 3563 
SPG = S. speggazzinii - SPG 3745 
SPG2=S. speggazzinii - SPG 3791 -
STN = S. stenotomum - STN 4711 
TUB = S. tuberosum 
Figure 3.29 Total phenolic acid concentration in a) skin and flesh, and 
b) flowers and leaves of Solanum species. 
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a 
tuber skin 
tuberilesh 
ACL S. acaule subsp. acaule N ACL 2113 
ACLA S. acaule subsp. aemulans N ACLAEM 3734 
EER S. berthaultii - EER 4036 
GRL S. gourlayi subsp. gourlayi - GRL 2480 
OPL S. oplocense - OPL 3777 
SCT S. sanctae-rosae - SCT 3269 
SCT2 S. santae-rosae - SCT 3779 
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SPL S. sparsipilum - SPL 3488 
SPL2 S. sparsipilum - SPL 3563 
SPG S. speggazzinii - SPG 3745 
8PG2 S. speggazzinii - 8PG 3791 
8TN S. stenotomum - STN 4711 
TUB S. tuberosum 
Figure 3.30 Total flavonoid concentration in a) skin and flesh, and 
b) flowers and leaves of Solanum species. 
Chapter 3 Identification and quantitative determination 130 
3.5.3.1 Phenolic acids 
Total phenolic acid concentration in these Solanum species varied from 600-2700 
~g/gFW in the skin, 100-600~g/gFW in the flesh (Figure 3.29a), l600-5l00~g/gFW in 
flowers and 300-2800~g/gFW in leaves (Figure 3.29b), depending on the species. In 
skin, flower and leaf extracts the major phenolic acid was chlorogenic acid. In skin 
extracts chlorogenic acid accounted for 40-50% of the total phenolic acid content, with 
caffeic acid also present in high concentrations (10-30% of the total). In flowers and 
leaves 70-90% of the total phenolic acids was chlorogenic acid. Flesh phenolic acids 
comprised 30-40% protocatechuic acid, 20-30% chlorogenic acid and 20-30% 
p-coumaric acid (Appendix 4). 
S. tuberosum flowers contained lower average concentrations of total phenolic acids 
when compared with the other eight Solanum species, whilst there was no difference in 
phenolic acid concentrations in the skin, flesh and leaves (Figure 3.29). 
3.5.3.2 Flavonoids 
Concentrations of total flavonoids ranged from between 20-170~g/gFW in skin, 0-20 
~g/gFW in flesh (Figure 3.30a), 2000-9000~g/gFW in flower extracts and 150-3000 
~g/gFW in leaf extracts (Figure 3.30b), depending on the species. 
As previously found in S. tuberosum cultivars (Section 3.5.1.3), there appeared to be 
two different flavonoid patterns in the flowers and leaves, depending on the 
concentrations of 2a, 2b and rutin. All imported lines had a ratio of ([2a] + [2b]) / [rutin] 
under 0.06, except S. sparsipilum (SPL 3488) (but not SPL 3563), S. speggazzinii (SPG 
3745 and SPG 3791) and S. stenotomum (STN 4711), which had much higher ratios 
(usually over one) (Table 3.26). The flowers and leaves of each line usually had a similar 
ratio. 
In skin and flesh the major flavonoids were catechin, epicatechin, eriodictyol and 
-
naringenin, whereas the flavonoids in flowers and leaves were made up of Qu-glycosides 
2a, 2b and/or rutin, with these accounting for 80-95% of the flavonoids in flowers and 
60-80% in leaves (Appendix 4). S. tuberosum tubers and leaves contained high 
concentrations of flavonoids compared with other Solanum species, but flowers had 
lower concentrations. 
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Table 3.26 Concentrations offlavonoids 2a, 2b and rutin in Solanum species. 
Species Solanum species extract 2a 2b rutin ([2a] + [2b]) 
+ [rutin] 
S. acaule ACL 2113 flowers 12.9 35.0 8867.6 0.005 
subsp. acaule leaves 3.0 2.7 357.0 0.016 
S. acaule ACLAEM3734 flowers 40.3 61.8 8204.5 0.012 
subsp. aemulans leaves 6.9 3.1 271.0 0.037 
S. berthaultii BER4036 flowers 37.7 75.4 6536.9 0.017 
leaves 2.0 . 607.3 0.003 
S. gourlayi GRL 2480 flowers 
-
16.8 5851.7 0.003 
leaves - 7.6 214.8 0.035 
S. opiocense OPL 3777 flowers 35.0 18.2 5804.2 0.009 
leaves - 4.9 80.4 0.061 
S. sanctae-rosae SCT 3269 flowers 2.8 14.3 6073.4 0.003 
leaves - 1.0 276.8 0.004 
S. sanctae-rosae flowers 11 ') I 1':;; 'l 3783.7 0.007 
leaves 'l 111.8 0.047 
S. sparsipilum I SPL 3488 flowers 1478.8 247.2 1768.9 0.976 
leaves 156.8 22.3 160.0 1.115 
S. sparsipilum SPL 3563 flowers 24.5 16.0 5460.8 0.007 
leaves 8.2 3.9 719.1 0.017 
S. speggazzinii SPG 3745 flowers 1602.5 116.3 1026.6 1.674 
leaves 6.1 26.8 13.6 2.419 
S. speggazzinii SPG 3791 flowers 2555.0 173.8 927.4 2.942 
leaves 20.7 6.4 10.7 2.533 
S. stenotomum STN 4711 flowers 1028.3 60.2 4309.2 0.253 
leaves 126.2 18.6 81.7 1.772 
- = compound not detected 
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a 
tuber skin 
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ACL S. acaule subsp. acaule - ACL 2113 
ACLA S. acaule subsp. aemulans - ACLAEM 3734 
BER S. berthaultii - BER 4036 
GRL S. gourlayi subsp. gourlayi - GRL 2480 
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SCT2 S. santae-rosae - SCT 3779 
b 
flowers 
leaves 
SPL S. sparsipilum - SPL 3488 
SPL2 = S. sparsipilum - SPL 3563 
SPG S. speggazzinii - SPG 3745 
SPG2 = S. speggazzinii - SPG 3791 
STN S. stenotomum - STN 4711 
TUB = S. tuberosum 
Figure 3.31 Total anthocyanin concentration in a) skin and flesh, and 
b) flowers and leaves of Solanum species. 
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3.5.3.3 Anthocyanins 
Variable concentrations of anthocyanins were found in the skins (between 0-300flg/gFW, 
depending on the species), whilst no anthocyanins were found in the flesh (Figure 3.31a). 
All tubers were predominantly white, although some showed purple colouration around 
the eyes. Flower anthocyanin concentrations ranged from lOO-2500flg/gFW and leaves 
from 0-50flg/gFW, depending on the species (Figure 3.31b). The major anthocyanin was 
always Pt-3-(p-coumaroyl-mt)-5-glu (anth-l) with much lower concentrations of Mv-3-
mt and Mv-3-(p-coumaroyl-mt)-5-glu (anth-2). Low concentrations ofUAl and Cy-3-
mt were also occasionally found in the flowers (Appendix 4, Table A4.3). 
3.5.4 Effect of disease 
Two plants of S. sanctae-rosae (SCT 3778) were found to be diseased, probably infected 
with Phytophthora infestans (late blight). These plants (plant numbers 4 and 8) had 
diseased tubers, so these tubers were analysed separately from the others in this line 
(plant numbers 6, 12 and 13). Both the total phenolic acids and flavonoids showed 
greatly increased concentrations in the skin and flesh of diseased tubers, whilst the 
anthocyanin content was higher in the skin of healthy tubers than diseased tubers (Figure 
3.32). No anthocyanins were found in the flesh of healthy or diseased tubers. 
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Figure 3.32 Total concentrations of phenolic acids, flavonoids and anthocyanins in 
healthy and diseased Solanum sanctae-rosae tubers. 
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In the diseased tubers, significant increases were seen for gallic acid, p-hydroxybenzoic 
acid, chlorogenic acid, caffeic acid, vanillic acid, ferulic acid, sinapic acid and salicylic 
acid, but not for syringic acid, UP1 and UP3, and protocatechuic acid (Figure 3.33). 
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:Figure 3.33 Phenolic acid concentrations in a) skin and b) flesh of healthy and 
diseased Solanum sanctae-rosae tubers. 
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cat = catechin 
epi = epicatechin 
2b = quercetin-glycoside 2b (Qu-gly 2b) 
q3glu = quercetin-3-glucoside (Qu-3-glu) 
eri = eriodictyol 
UF2 = unidentified flavonoid 2 
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Figure 3.34 Flavonoid concentrations in a) skin and b) flesh of healthy and 
diseased Solanum sanctae-rosae tubers. 
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Flavonoid concentrations also showed significant increases in diseased tubers. The 
healthy tubers contained catechin, epicatechin, eriodictyol and naringenin in the skin, but 
only catechin in the flesh, whereas diseased tubers contained these flavonoids in much 
greater concentrations, and additionally contained low concentrations of Qu-gly 2b, Qu-
3-glu and UF2 in the skin, and epicatechin, naringenin and eriodictyol in the flesh (Figure 
3.34). 
No anthocyanins were found in the flesh, but heahhy tubers contained Pt-3-(p-
coumaroyl-rut)-5-glu (anth-l) and Mv-3-rut in the skin, whereas diseased tubers 
contained lower concentrations ofPt-3-(p-coumaroyl-rut)-5-glu (anth-l) and no Mv-3-
mt in the skin (not shown), however the anthocyanin concentration of these S. sanctae-
rosae tubers was too variable to show a significant effect. 
3.6 Discussion 
3.6.1 Separation and identification of the phenolics 
TLC (one-dimensional) was useful for quick screening and identification of anthocyanins 
and also for the identification of anthocyanin aglycones after acid hydrolysis. Phenolic 
acids and flavonoids could not be separated by one dimensional TLC, but were separable 
by 2-D PC although Rfvalues tended to be variable and resolution poor, or by 2-D TLC 
which, although it gave improved resolution and reliability over PC, was too expensive 
for routine analysis of numerous samples, and was not quantitative. Even so, 2-D TLC 
was still useful for the identification of compounds by calculation of the Rf values and 
the colours of compounds with the use of spray reagents, such as NA-reagent, and was 
used to complement the data obtained by HPLC in the identification of the phenolics. 
The HPLC separation of the potato phenolics showed considerable advantages over 
separation by TLC, with improved detection and greater resolution of the compounds, 
and was used for quantitative analyses. The greater resolution of compounds by HPLC 
was shown particularly for the anthocyanins where, using TLC only the major 
anthocyanins could be detected, whereas the use of HPLC often revealed another three 
to four minor anthocyanins. 
The HPLC system with diode-array detector allowed the spectnun of each individual 
eluting compound to be recorded, which assisted greatly in identification of phenolics. 
For the routine analysis of extracts, the use of a variable wavelength detector enabled all 
compoWlds to be quantified in a single fWl. HPLC retention times varied slightly over a 
period of time due to ageing of the column and differences in solvents, however 
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chlorogenic acid and the major anthocyanins were always readily identifiable and these 
were used to adjust the retention times of other compounds for comparison against 
standards. The elution gradient proved adequate for the separation of most of the 
phenolic acids and flavonoids, however improved separation would have been useful for 
the anthocyanins, because Pt-3-(p-coumaroyl-rut)-5-glu (anth-l) and Pn-3-(p-
coumaroyl-rut)-5-glu had similar retention times, as did Mv-3-(p-coumaroyl-rut)-5-glu 
(anth-2) and Pg-3-(p-coumaroyl-rut)-5-glu (anth-3). However, the similar retention 
times of these compounds was not a problem in this study because it was found that 
neither Pt-3-(p-coumaroyl-rut)-5-glu (anth-l) and Pn-3-(p-coumaroyl-rut)-5-glu, nor 
Mv-3-(p-coumaroyl-rut)-5-glu (anth-2) and Pg-3-(p-coumaroyl-rut)-5-glu (anth-3) 
occurred together in anyone sample (confirmed by TLC of the aglycones). My and UF2 
also had similar retention times to these anthocyanins. Improved sep aration would have 
been useful because My and UF2 could not be detected when these anthocyanins were 
present. 
The identities of the anthocyanins were determined by TLC, HPLC and MS, using 
unhydrolysed glycosides and/or the hydrolysed aglycones. It was found that purple 
coloured tubers contained Pt-3-(p-coumaroyl-rut)-5-glu (anth-1) and Mv-3-
(p-coumaroyl-rut)-5-glu (anth-2), red coloured tubers contained Pn-3-(p-coumaroyl-
rut)-5-glu and Pg-3-(p-coumaroyl-rut)-5-glu (anth-3), and flowers contained Pt-3-
(p-coumaroyl-rut)-5-glu (anth-l) and Mv-3-(p-coumaroyl-rut)-5-glu (anth-2). The 
current HPLC method would be applicable to many other plant species to quantifY 
phenolic acids, flavonoids and/or anthocyanins, although slight changes may be needed to 
the elution gradient depending on the compounds present, to ensure an appropliate 
separation of compounds. A modified form of this method has been used previously to 
separate apple flavonoids (Lister, 1994). 
3.6.1.1 Flavonoids 
In this study, only the flavanone, flavonol and flavan-3-01 (and anthocyanin) classes of 
flavonoid were found in potato plants (tubers, flowers or leaves). Other studies 
(Harborne, 1960a; 1962; 1967; Wietschel and Reznik, 1980a and b) have also found 
these classes, plus compounds in the flavone class of flavonoids. Qu-3-glu, rutin and . 
Km-3-rut have previously been found in S. tuberosum petals, leaves and seeds 
(Harborne, 1967), and were also found in this study. Harborne (1962) found four 
glycosidic types present in flavonoids from tuber-bearing Solanum species; 3-glu, 3-rut, 
3-sophoroside, and 3-(2G-glu-rut). Qu-3-(2G-glu-rut) was found to occur in the flowers 
of some cultivars (e.g. Arran Victory), but not in others (Harborne, 1962). In this study 
only the 3-glu and 3-rut glycosides were identified. However, it is likely that either Qu-
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gly 2a or Qu-gly 2b is Qu-3-(2G-glu-rut) because all the available evidence supports this 
hypothesis. Evidence includes data from TLC, acid hydrolysis, and spectral analysis, 
including the use of shift reagents, as well as the distribution pattern of this compound 
mainly in the flowers and leaves, and the fact that these compounds (Qu-gly 2a and 2b) 
occurred in only some species and cultivars (e.g. Arran Victory). The identity of the 
other compound (Qu-gly 2a or 2b) is unknown, except that it also is a Qu-glycoside 
containing glucose and rhamnose, but it is likely that it is the Qu-3-(2G-glu-rut), but with 
the addition of an acyl group, probably p-coumaric acid. There remain two unidentified 
flavonoids, UF1 and UF2, as well as a number of lesser peaks that were present in some 
cultivars and were not identified. It is suggested that UF1 and UF2 were flavonols 
(probably Qu and/or Km), and it is possible that they were glycosylated with the 3-
sophoroside, because these compounds have been found previously in potatoes 
(Harborne, 1962; Wietschel and Reznik, 1980a and b). 
Km-3-(2G-glu-rut) has been found in S. tuberosum petals (Harborne, 1962), and Km-3-
sophoroside-7-rha and Km-3-sophorotrioside-7-rha have been found by other 
researchers, but are restricted to the seeds (reviewed in Harborne, 1967). However, 
seeds were not considered, nor were these three flavonoids identified in this study. Of 
the free flavonol aglycones, My was found in most cultivars by HPLC analysis and Km 
was detected in small quantities in flowers using HPLC, however KIn, Qu and My 
aglycones were identified in some tuber and flower extracts by 2-D TLC. 
3.6.2 Solanum tuberosum cultivars 
In general, tuber skin and flesh, and flower and leaf extracts from S. tuberosum cultivars 
all showed different and characteristic HPLC chromatograms at the four wavelengths 
studied (280, 313, 350 and 530nm), with the chromatograms for tubers being 
significantly different from those of flowers and leaves. 
3.6.2.1 Tubers 
Anthocyanins 
The three major anthocyanins occurring in purple tubers were identified as Pt-3-(p-· 
coumaroyl-rut)-5-glu (anth-1), Mv-3-(p-coumaroyl-rut)-5-glu (anth-2) and Mv-3-rut. 
The medium purple coloured tubers (such as Arran Victory and Blue Derwent) usually 
contained high concentrations ofPt-3-(p-coumaroyl-rut)-5-glu and low concentrations of 
Mv-3-(p-coumaroyl-rut)-5-glu and Mv-3-rut, whereas dark purp1elblack tubers (such as 
Urenika and Stage IT Blue) contained similar concentrations of Pt-3-(p-coumaroy1-rut)-
5-glu and Mv-3-rut as medium purple tubers, but additionally contained extremely high 
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concentrations of Mv-3-(p-coumaroyl-rut)-5-glu. Identification of the predominant 
anthocyanin (anth-2) in Urenika as Mv-3-(p-coumaroyl-rut)-5-glu agrees with the 
findings of previous researchers (Harborne, 1960a; Simmonds and Harborne, 1965) 
(since Urenika and Congo appear to be the same, or at least very similar cultivars). 
Pg-3-(p-coumaroyl-rut)-5-glu (anth-3), Pg-3-rut and Pn-3-(p-coumaroyl-rut)-5-glu were 
the three major anthocyanins occurring in red skinned tubers, with Pg-3-(p-coumaroyl-
rut)-5-glu always present in the highest concentration. Differences between pink (e.g. 
Desiree) and darker red (e.g. Red Flesh) tubers appeared to be caused by increased 
concentrations of all these anthocyanins in the darker red tubers, and also the presence of 
UA4 which was found in darker red tubers only (Appendix 3, Table A3.3). The 
identification of anthocyanins in red tubers agrees with the findings of Sachse (1973) 
who found Pg-3-(p-coumaroyl-rut)-5-glu and Pn-3-(p-feruloyl-rut)-5-glu in Desiree 
tubers with the latter anthocyanin more recently being identified as having a p-coumaroyl 
instead of a feruloyl acyl group (reviewed in Mazza and Miniati, 1993). 
Therefore, it appears that the major anthocyanins in purple tubers were the methylated 
derivatives of a trihydroxylated B-ring (Pt and Mv), whilst in the red tubers the mono-
hydroxylated B-ring (Pg) and the methylated derivative of the dihydroxylated B-ring (Pn) 
were found. This indicates that the "anthocyanin 5'-hydroxylase" enzyme activity is not 
present in the red tubers, but is present in the purple tubers. The "anthocyanin 
methyltransferase" enzyme appeared to be very active in purple tubers because only low 
concentrations of Dp-glycosides were found, most of these having been methylated to 
form Pt or Mv, which occurred at high concentrations in purple tubers. 
Because the minor anthocyanins were present at such low levels in the plant it was 
difficult to purifY and identifY any but the major anthocyanins (anth-l, anth-2 and 
anth-3), so the identifications of other more minor anthocyanins were based on Amax 
values and co-elution with standards. However, the limited number of standards and the 
possibility of the co-elution of two anthocyanins together make these identifications of 
minor anthocyanins tentative, at best. It was deemed unnecessary for this work to 
identify absolutely each anthocyanin, since emphasis is focused on the biochemistry of 
the anthocyanins as a class of compounds, rather than the individual anthocyanin 
molecules. 
In this study, all of the six common anthocyanidins were found over the range of 
cultivars and tissue types studied, which is in agreement with the results found by 
Harborne (1967). Harborne (1960a; 1964; 1967) found that anthocyanins from Solanum 
species are glycosylated with glucose and rhamnose only, acylated only with p-coumaric 
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acid, and contain only the 3-(p-coumaroyl-rnt)-5-glu and 3-rnt derivatives of the 
common anthocyanin aglycones. However, in this study, a number of other minor 
anthocyanins appearing on the HPLC chromatograms suggested that S. tuberosum 
contains more than only these two glycosidic patterns. For example, Red Flesh skin 
extracts were found to contain up to four Pg-glycosides. Also in contrast to Harborne 
(1960a; 1964; 1967), Bobbio et al. (1987) reported Mv-3-sophoroside-5-glu and Mv-3-
(di-caffeoyl-sophoroside)-5-glu in berries of S. americanum. It is likely that the early 
work of Harborne (1960a; 1964; 1967) using PC or TLC methods did not detect these 
minor anthocyanins. Other plants have different patterns of glycosylation with a number 
of different sugars. For example, apple skins contain the Cy-glycosides of 3-ara, 3-ara-
gal, 7-ara, 3-gal, 3-gentiobioside, 3-glu and 3-xyl (Lister, 1994). Similarly, blueberries 
have been found to contain a number of different glycosylation patterns and also different 
aglycones occurring in the same cultivar. For example, Gao and Mazza (1994) found 
that a number of blueberry cultivars each contained twenty five different anthocyanins 
which were the acylated and non-acylated forms of the 3-ara, 3-gal, and 3-glu ofDp, Cy, 
Pt, Pn and Mv. 
Flavonoids 
The major flavonoids in the tubers were identified as the flavanones, naringenin and 
eriodictyol, the flavan-3-0Is, catechin and epicatechin, and the flavonol, Km-3-rnt, with 
the flavonol Qu-glycosides, 2a and 2b, also being found in some tubers at lower 
concentrations. Epicatechin was not found in the flesh of tubers, although it was present 
in the skin, flowers and leaves. 
Tubers contained very low concentrations of flavonoids, and there was only a slightly 
higher flavonoid concentration in tubers containing anthocyanins. This suggests that in 
different cultivars the biosynthetic pathway is either very active with compounds going 
down the anthocyanin branch only and not into other flavonoid pathways, as in coloured 
tubers, or the whole flavonoid pathway (including the anthocyanin pathway) may have 
only low activity, as in white tubers. In addition, the relatively high concentrations of 
naringenin and eriodictyol precursors found in tubers supports the suggestion that the 
precursors coming into the general flavonoid pathway do not follow any branch except 
the anthocyanin route, and the absence or low concentrations of other flavonoids is not 
because of a lack of precursors. It suggests that there is a "block" in the flavonoid 
pathways (e.g. at the flavonol synthase enzyme in the flavonol pathway), but not in the 
anthocyanin pathway. 
Red skinned tubers contained slightly higher concentrations ofKm-3-rut than purple or 
white skinned tubers. This may be related to the fact that only red skinned tubers 
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contained Pg-glycosides; both Km and Pg having only the 4'-hydroxyl group on the B-
ring, and suggests that flavonoid and anthocyanin classes maybe synthesised in parallel 
pathways. 
Phenolic acids 
Tuber skins contained high concentrations of phenolic acids, with much lower 
concentrations of phenolic acids being found in the tuber flesh. Reeve et al. (1969a) also 
found that chlorogenic acid was more concentrated in the outer tissues of tubers. The 
identities of the phenolic acids in the skin and flesh were similar, however the relative 
amounts of individual phenolic acids varied considerably between cultivars. The major 
phenolic acid in both the skin and flesh of tubers was chlorogenic acid. In the skin, 
moderate amounts of protocatechuic acid, sinapic acid, vanillic acid and UP1 were 
found, together with low concentrations of the other phenolic acids whilst, in the flesh 
the highest concentrations were found of chlorogenic acid and protocatechuic acid, with 
lower concentrations of p-coumaric acid, vanillic acid and UP1, with only very low 
concentrations of the other phenolic acids. Therefore, a large proportion of the 
precursors continue along the phenolic acid pathways, mostly to form chlorogenic acid, 
rather than going along the flavonoid and anthocyanin pathways, especially in white 
tubers. 
There was a good correlation between anthocyanin and phenolic acid (in particular 
chlorogenic acid) concentrations. White tubers (containing little or no anthocyanin) 
contained low concentrations of most phen~lic acids, whilst coloured tubers (containing 
high concentrations of anthocyanin) contained high concentrations of most phenolic 
acids, with coloured tubers generally containing twice the concentration of phenolic acids 
of white tubers. This suggests that the production of anthocyanins is not simply a matter 
of diverting phenolics from one pathway to another, but that the level of the whole 
phenylpropanoid biosynthesis appears to be increased, with increased production of 
almost all of the extracted phenolics, together with a huge increase in anthocyanin 
production (from O~glgFW in the white tubers up to 7000~glgFW in the purplelblack 
tubers). Therefore, in tubers the control of anthocyanin biosynthesis appears to be by 
substrate limitation, rather than regulation of the different pathways with the same 
amount of substrate being produced but diverted to other pathways. As mentioned 
previously, the flavonoids only showed a slight increase in coloured tubers compared 
with white tubers, indicating that only the flow of metabolites though the 
phenylpropanoid pathway and anthocyanin branch of flavonoid biosynthesis was 
increased, whilst the flow through other flavonoid pathways remained similar. 
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Using HPLC, de Sotillo et al. (1994a and b) found chlorogenic acid, gallic acid, 
protocatechuic acid and caffeic acid to be the major phenolic acids present in potato 
skins. Lyon and Barker (1984), Malmberg and Theander (1985), Kumar et al. (1991) 
and Ramamurthy et al. (1992) also reported some of the same phenolic acids as de 
Sotillo (1994a and b), and also reported chlorogenic acid as the major constituent in the 
peels and/or flesh of potato tubers. In this present study, the same major phenolic acids 
were detected as those found by these researchers, however in this study a number of 
additional phenolic acids were detected and identified. Previous published results which 
compare more closely to those in this present investigation were found by Cvikrova et al. 
(1994) in an analysis of bud meristematic tissue in sprouting tubers. They found caffeic, 
chlorogenic, ferulic, p-coumaric, p-hydroxybenzoic, salicylic and vanillic acids, with 
chlorogenic acid accounting for 60-90% of the total phenolic acid concentration. Other 
similar results include those found by Sosulski et al. (1982) and Onyeneho and 
Hettiarachchy (1993) (Table 3.2), although the procedures used in this investigation for 
the detection of minor phenolic acids appeared to be better than those in any of these 
other studies. 
3.6.2.2 Flowers 
Anthocyanins 
The predominant anthocyanin in flowers from cultivars with pm:ple tubers was Pt-3-(p-
coumaroyl-rut)-5-glu (anth-1), with lower concentrations ofMv-3-(p-coumaroyl-rut)-5-
glu (anth-2) whereas, in flowers from red s~ed cultivars the predominant anthocyanin 
was Pn-3-(p-coumaroyl-rut)-5-glu.Pg-3-(p-coumaroyl-rut)-5-glu (anth-3) was not 
found in the flowers from any cultivar, even in the light pink flowers from Red Flesh 
where it was the major anthocyanin in the tubers of this cultivar. None of the flowers 
fl:om red skinned cultivars with red tubers were a dark pm:ple - all were white, pink or 
light pm:ple, whereas flowers from cultivars with pm:ple tubers ranged from white to dark 
pm:ple. So, for each cultivar, the flowers contained similar types of anthocyanin as the 
tubers (with the notable exception of the absence ofPg-3-(p-coumaroyl-rut)-5-glu in the 
flowers), and therefore the pigments present in the tubers and flowers of these cultivars 
appeared to support the proposed general scheme for the genetic control suggested for 
S. tuberosum (Section 1.7.2). The other exception was that some flowers contained 
low concentrations of Cy-3-rut, whilst no Cy-glycosides were found in tubers. 
Flavonoids 
The major flavonoids found in flowers were rutin and the Qu-glycosides, 2a and 2b; 
other minor flavonoids detected included catechin, epicatechin, Km-3-rut, My, Qu-3-gal, 
Qu-3-glu, UF1 and UF2. The flavonoid pattem in flowers fell into two categories; 
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flowers with high concentrations of flavonols, Qu-glycosides 2a and 2b, and rutin, and 
flowers with similar, or higher, concentrations of rutin, but very low concentrations of 
Qu-glycosides 2a and 2b, so that the ratio of([2a] + [2b]) / [rutin] was indicative of the 
category. Most of the S. tuberosum cultivars had high concentrations of Qu-glycosides 
2a andlor 2b, with only six cultivars having low concentrations. This did not appear to 
be related to the anthocyanin concentration in flowers, but it was interesting to note that 
all these cultivars had white tubers. In contrast to tubers, flowers generally contained 
high concentrations of flavonoids, but low concentrations of the flavonoid intermediates 
naringenin and eriodictyol. Therefore, the regulation of flavonoid biosynthesis in flowers 
appears to be different from that in tubers, with flowers containing high concentrations of 
flavonoids as well as anthocyanins. 
Phenolic acids 
Flowers contained lower concentrations of phenolic acids than tuber skin, but the major 
phenolic acid was again chlorogenic acid. This once more suggests that the flowers have 
a different pattern of regulation than tubers, with less flow into the phenolic acid 
pathways and more into the flavonol and flavan-3-ol pathways, rather than just the 
anthocyanin pathway. The explanation of why, or how, these different patterns in the 
regulation of the flavonoid and phenolic acid pathways between the tubers and flowers 
occur is not known, but Liang et al. (1989), in a study of phenylalanine ammonia-lyase 
(PAL) in bean plants found that PAL is encoded by a family of three genes. Each of 
these genes are expressed at different levels in roots, shoots, leaves and flowers, and it 
was found that each gene exhibited markedl:r different patterns of regulation with respect 
to organ specificity during normal development, and also within a single organ in 
response to diverse environmental stimuli. The other key enzyme of flavonoid 
biosynthesis, chalcone synthase (CBS), has also been found to be encoded by three 
different genes in Gerbera hybrida, which results in three different, but related, 
enzymatic activities, with the genes gehs1 and gehs2 correlated with flavonol synthesis, 
and gehs1 only correlated with anthocyanin synthesis in flowers (Belariutta et a/., 1995). 
The presence of similar, multiple genes for these enzymes (PAL and CBS) in potato 
plants may provide an explanation for the differences in regulation of anthocyanins, 
flavonoids and phenolic acids observed between tubers and flowers. 
3.6.2.3 Leaves 
Although no anthocyanins were detected in the leaves of S. tuberosum cultivars, in two 
or three of the cultivars the visible appearance of the leaves suggested that some 
anthocyanin was present, because the leaves appeared to have a slight purple tinge. It is 
not known why anthocyanins were not detected in these leaves because, in the analysis of 
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some white tubers with no visible colour, some anthocyanin was detected. It is possible 
that the high concentrations of chlorophyll may have interfered with the extraction of 
anthocyanins. The flavonoid pattern in leaves was similar to that in flowers, with the Qu-
glycosides 2a, 2b and rutin being the major flavonoids, however there were higher 
concentrations of catechin and Km-3-rut than in flowers. The leaf flavonoid pattern fell 
into the same two categories as the flower flavonoids with the same six cultivars having 
low concentrations of the Qu-glycosides 2a and 2b. Leaves contained lower 
concentrations of phenolic acids than tuber skin, and similar concentrations and 
composition of phenolic acids to that found in flowers. Therefore, the regulation of 
phenolic acid and flavonoid biosynthesis in leaves appeared to be similar to that found in 
flowers, except that no anthocyanin was produced. 
3.6.3 Enzyme activities of field grown Solanum tuberosum tubers 
The lack of correlation between the activity of PAL and the final concentrations of 
anthocyanins, flavonoids or phenolic acids was initially surprising because PAL is 
thought to be one of the major regulatory enzymes in the phenolic pathway (Hahlbrock 
et al., 1976; Stafford, 1990). However, this discrepancy may be because field grown 
tubers were only taken from one sampling date, and PAL activity was likely to have been 
higher earlier in the season when the majority of the phenolics were synthesised, before 
decreasing to the levels found at the time of measurement. C4H, CHI, and DHR 
activities showed a good correlation with anthocyanin and phenolic acid concentrations 
in the skin, and CHI activity in the flesh was closely correlated with the concentration of 
anthocyanins and flavonoids. Activity of GT with some substrates was also correlated 
was the concentrations of phenolics. 
Urenika appeared to have an atypically low concentration of flavonoids compared with 
the concentration of anthocyanins. When all the cultivars were studied, there was a 
slight positive correlation between the anthocyanin and flavonoid concentrations (Section 
3.5.1.1). However, the flavonoid concentration found in Urenika tubers was much lower 
than the flavonoid concentrations found in tubers from other cultivars with a similar 
anthocyanin concentration as Urenika (Appendix 3). Therefore, the correlation 
coefficient of enzyme activities with skin flavonoids tended to be low because only five 
cultivars were studied and the flavonoid concentrations from Urenika tubers was 
atypical. 
For these results of enzyme activities to be meaningful, data needs to be obtained from a 
larger number of samples, and also during the development of the tuber. It is thought 
that the often low correlations between these enzyme activities and phenolic 
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concentrations were because the tubers were almost mature, and enzyme levels had 
probably decreased to background levels, bearing little or no relation to their previous 
activities or phenolic concentrations. 
3.6.4 Other Solanum species 
Tubers of the other available Solanum species did not show the range of colours shown 
by S. tuberosum cultivars, and were mostly white or light purple. The total anthocyanin 
concentration in the tuber skin ofthe other Solanum species ranged from 0-300!-lg/gFW, 
compared with 0-7000!-lg/gFW in S. tuberosum; no anthocyanin was found in the flesh of 
the tubers of the other Solanum species. Pt-3-(p-coumaroyl-rut)-5-glu (anth-1) was 
identified as the major anthocyanin in the skin of all tubers of the other Solanum species 
(when present), with much lower concentrations of Mv-3-(p-coumaroyl-rut)-5-glu 
(anth-2) and Mv-3-rut. No anthocyanins other than these three were detected, 
suggesting that either the concentration was too low for detection, or that the number of 
anthocyanins was greatly reduced compared with S. tuberosum tubers. No Pg or Pn-
glycosides were detected in these other Solanum species, however Pg-3-rut and Pg-3-
rut-5-glu have been found in S. phureja (Harborne and Sherratt, 1957). 
The major anthocyanin in flowers of the other Solanum species was Pt-3-(p-coumaroyl-
rut)-5-glu (anth-1), with lower concentrations of four other anthocyanins also found. 
Similar levels were found as in S. tuberosum flowers. The major anthocyanin ill leaves of 
these other Solanum species was either Pt-3-(p-coumaroyl-rut)-5-glu (anth-1) or VAl, 
but with only low concentrations of these being found; in contrast with S. tuberosum 
leaves where no anthocyanins were detected. 
There was considerable variation among plants and species ill both phenolic acid and 
flavonoid concentrations, but S. tuberosum flowers contained lower average 
concentrations of total phenolic acids and flavonoids, and tubers and leaves contained 
high concentrations offlavonoids when compared with the other eight Solanum species, 
with no other significant differences being found. p-Hydroxybenzoic acid was found ill 
tubers of some of the other Solanum species, but not detected in any S. tuberosum 
tubers. Like S. tuberosum the flavonoid pattern of flowers and leaves of the other· 
Solanum species fell into two categories, with all species tested, except three, having low 
concentrations of Qu-gly 2a and 2b, whereas the majority of flowers and leaves of S. 
tuberosum cultivars had high concentrations of Qu-gly 2a and/or 2b. Of the imported 
lines that also had high concentrations of Qu-gly 2a and/or 2b, [s. sparsipilum (SPL 
3488) (but not SPL 3563), S. speggazzinii (SPG 3745 and SPG 3791) and S. 
stenotomum], both S. stenotomum and S. sparsipilum are believed to be ancestors to S. 
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tuberosum. The diploid species (76111, Appendix 1, Table A1.1) that was field grown 
with S. tuberosum cultivars had very low concentrations of Qu-gly 2a and 2b, similar to 
most of the imported species. Because the flavonoids of the flowers and leaves of each 
species and/or cultivar fell into one category it means that it may be possible to 
distinguish different species and even different genotypes on the basis of flavonoid 
composition. 
The Solanaceae family is known to contain a variety of flavonols and, in genera~ does 
not often contain any free flavones; however, luteolin and apigenin have been found in 
some Solanum species. The only flavone glycoside to have been isolated is luteolin-7-
glucoside from petals of S. stoloniferum (Harborne, 1962). No flavones were identified 
in the Solanum species or S. tuberosum cultivars investigated in this study, however it is 
possible that they occurred in very small amounts and were not identified. 
Wietschel and Reznik (1980b) studied leaf flavonoids in tuber-bearing Solanum species 
from the Tuberosa series and found that Qu-glycosides predominated, accompanied by 
Km-glycosides and in some instances isorhamnetin- and My-gJycosides. The same 
pattern was found in this study with 70-85% of the flavonoids being Qu-glycosides, and 
2-10% Km-glycosides, although isorhamnetin-glycosides and My-glycosides were not 
identified. 
3.6.5 Effect of disease 
The effect of late blight (Phytophthora infestans) on tubers of S. sanctae-rosae was to 
greatly increase the concentration of phenolic acids and flavonoids in both the skin and 
flesh of diseased tubers, with no increase in anthocyanin concentration. There was a 
hundred fold increase of flavonoids in the flesh, with epicatechin, eriodictyol and 
naringenin not produced in the flesh of healthy tubers, but produced in the flesh of 
diseased tubers. Friend et al. (1971) found increased chlorogenic acid and PAL activity 
in resistant tuber tissue which was inoculated with Phytophthora infestans. Lee and Le 
Tourneau (1958) found that potato varieties, resistant to Verticillium wilt, contained 
more chlorogenic acid than did susceptible varieties. Kuc et al. (1956) found that two to 
three times the levels of chlorogenic and caffeic acids were produced in response to· 
inoculation by a fimgus, and that these phenolic acids possessed inhibitory properties and 
were associated with the immunity of potatoes to the fimgus. These findings were 
supported by Kuc (1957) in a study using a range of potato pathogens, but it was found 
that the production of chlorogenic and caffeic acid did not account for all the inhibitory 
activity to the pathogens. Geissman (1956) has reported that cherry and peach leaves 
infected with a virus contained two to three times the levels of p-coutnalic acid, esters of 
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p-coumaric acid, Km, Qu, caffeic acid and chlorogenic acid as healthy leaves. Apple tree 
leaves resistant to scab (Venturia inaequalis) contained higher concentrations of 
flavonols and p-coumaric acid derivatives than susceptible cultivars (Picinelli et al, 
1995). However, Olsson and Jonasson (1995) found that varietal differences of 
chlorogenic acid in potato tubers had no effect on the susceptibility to wirewonn attack. 
Therefore, although the presence of flavonoids and phenolic acids in the potato tuber 
may playa role in the defence against fungal pathogens, it is debatable whether this role 
includes defence against other pests. 
fu potatoes, as in most other plants, wounding, illumination and disease are known to 
stimulate various phenylpropanoid pathways (Hahlbrock and Scheel, 1989). fu this study 
of diseased tubers, there was increased output through the cinnamic acid, benzoic acid 
and flavonoid, especially flavonol, pathways. It is interesting that no flavonols were 
detected in healthy tubers but, in diseased tubers low concentrations of three flavonols 
were detected, as well as increased levels of the other flavonoids. Therefore, the 
additional flow through the flavonoid pathway went along the previously unused flavonol 
pathway instead of the anthocyanin pathway in which the enzymes were presumably 
already active. This suggests that the potato tubers contained the genes for these 
flavonoid pathways, even though in the normal pattern of growth they were not 
transcribed. 
These results support the theory (Hahlbrock, 1981; Grayer, 1989; van Sumere, 1989; 
Weidenborner and Jha, 1993) that one ofth~ reasons the potato produces phenolic acids 
and flavonoids is to aid in plant defence. Also supporting this hypothesis is the fact that 
much higher concentrations of phenolic acids and flavonoids (and anthocyanins) were 
found in the skin of the tuber rather than in the flesh, and this may be related to the skin 
being the first line in the defence of the tuber against pathogens and pests. 
CHAPTER 4 
Changes in anthocyanin, flavonoid, phenolic acid and carotenoid 
concentrations during tuber development and storage 
4.1 Introduction 
4.1.1 Changes in tuber colour 
148 
Generally, when consumers purchase potatoes they are concerned about the colour of 
the tubers as well as any changes which may occur before they eat them The grower 
and marketer are also interested in changes which may occur between the time of harvest 
and the time of sale. However, from the biosynthetic point of view it is important also to 
determine the developmental regulation of anthocyanins in the tuber. There has been 
little research calTied out into the changes of flavonoid and anthocyanin levels during the 
development of tubers or their metabolism during storage. The production of colour in 
tubers maybe caused by the accumulation of anthocyanin pigments during growth and/or 
storage, and/or a change in the physiochemical environment of the pigments, resulting in 
a colour change even though no quantitative change in anthocyanin occurs. This change 
in physiochemical environment may be caused by the production of other phenolics 
which can act as copigments, a change in vacuolar pH, or the presence of other 
compounds, such as metal ions that may have an effect on the expression of anthocyanin 
colour. These and other factors have been discussed in Chapter 2. 
Changes in anthocyanin concentration during development, and hence the final colour, 
may be influenced by the environmental and growth conditions experienced by the plant 
and tuber, such as water potential, temperature, disease, nutrient levels and other 
nutritional factors. Similarly, the resultant colour after storage may depend on factors 
including handling during harvest, storage conditions and the length of storage time .. 
Damage to the tubers during harvest, exposure to light and the presence of pathogens are 
particularly imp0l1ant because these factors are known to increase the activity of the 
enzyme phenylalanine ammonia-lyase (PAL), and the concentrations of phenolic acids, 
flavonoids and anthocyanins, and may alter the tuber colour. 
Note that throughout this chapter, the term "flavonoid" refers to all the classes of flavonoid compounds 
except for the anthocyanins, as these are reported and discussed separately from the other flavonoids. 
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1) to determine at what stage of tuber development the anthocyanins (and also 
other flavonoids and phenolic acids) are produced, and to monitor any changes in 
anthocyanin, flavonoid and phenolic acid concentrations throughout development, 
2) to determine the distribution of anthocyanin within the tuber at various stages 
of development and after storage, and 
3) to evaluate the effects of storage of different lengths of time, and in different 
conditions, on the anthocyanin concentration. 
Thus, it was envisaged that some insight into the regulation of anthocyanin biosynthesis 
during the development of the tuber would be gained, as well as to determine the 
optimum time of harvest and storage conditions for maximum anthocyanin colour 
retention for the consumer. The carotenoid concentration and changes during tuber 
development were also monitored to determine if this other major tuber pigment 
followed similar changes as the anthocyanins, and whether the carotenoids had any effect 
on overall tuber colour. 
4.1.2 Formation and development of tubers 
Tuber formation begins in the sub-apical region of the rhizome in the youngest 
elongating internode, and is first visible externally as a radial enlargement of this region 
(Cutter, 1978). This is due initially to the increase in cell size in the pith region, with 
subsequent rapid increases in cell division and further cell enlargement. After the initial 
expansion of this single internode, internodes closer to the apical meristem also begin 
radial enlargement leaving the rhizome apex at the end of the tuber. Very little extension 
growth occurs in the most apical internodes so that they remain very short, and therefure 
in the mature tuber the nodes are closely spaced at the apical (bud) end (and become the 
"eyes"): The final tuber size is achieved primarily though an increase in cell volume, 
particularly in the pith and inner cortical parenchyma cells (Peterson et at., 1985). 
The shift in the ratio of the plant hormones abscisic acid (ABA) : gibberellic acid (GA) is 
considered to be one of the key factors in controlling tuberization. Environmental 
factors, particularly photoperiod, temperature and nitrogen nutrition, are also involved ill 
control by altering the levels ofthese hOlIDones (Krauss, 1985). 
4.1.3 Storage 
Mature tubers are generally dormant for the three to four months after harvest, before 
sprouting occurs. The concentration of major constituents (carbohydrates, protein, 
nucleic acids, etc.) reaches a steady level before the tuber is harvested. During storage, 
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nucleic acids, etc.) reaches a steady level before the tuber is hlllvested. DOTing storage, 
the concentration of most of these constituents remains relatively constant. Even though 
there is a perpetual cycling of some constituents, the breakdown and production is nearly 
in balance, except for the loss of carbon from the system in the CO2 evolved in 
respiration. Mature tubers have a low rate of respiration which decreases slightly during 
storage until the start of sprout growth, when it lises progressively (Dizengreme~ 1985). 
Under good storage conditions the percentage of dry matter (%DM) is expected to 
remain relatively constant with only a 0.1% drop per month (Burton, 1978). This is 
because, although my matter is being lost by respiration, water loss during storage is also 
occuning and the two balance out. However, if the temperature is increased, although 
the respiration rate will rise, water loss is increased to a greater extent, causing an 
increase in %DM; similarly at low humidities, the increased rate of water loss also causes 
increased %DM during storage (Scott and Wilcockson, 1978). 
The change in sugar concentration in the tubers during storage may be an important 
determinant for anthocyanin pigmentation because the concentration of sugars has been 
found to influence the production of anthocyanins (see Section 4.1.4). The carbohydrate 
reselves in tubers are extremely responsive to the environment, and starch is converted 
to high concentrations of sugars as a result of stresses experienced during storage (e.g. 
handling, anerobiosis, exposure to high or low temperatures, ageing or senescence) 
(Sowokinos, 1990a and b). If tubers are maintained at a constant temperature from the 
time of harvest (and suffer from no other stresses), there would be no marked change in 
sugar content until after a few months when the tubers would begin to "sweeten". The 
starch is converted to sugars, and the timing and degree of this sweetening parallels the 
sprout growth. This phenomenon, called "senescent sweetening", is linked to changes in 
the membrane SUlTounding the starch grains, and is ilTeversible (Isherwood, 1976). 
Sweetening also OCCOTS after the storage of tubers at low temperatures (e.g. 2°C), 
however this "low temperature sweetening" differs from "senescent sweetening" in being 
reversible, to a large extent, if the temperature is raised, and the sugars may be converted 
back to starch (Bruton, 1978). 
No mention of any change in flavonoid levels during the storage of tubers could be found· 
in the literature, although the phenolic acid, chlorogenic acid, has been found to increase 
in the buds during storage (BUlton, 1978). Similarly, there were no references to 
changes in anthocyanin concentration in tubers during storage however, Verma et al. 
(1972) investigated the differences in pigments of light and dark grown sprouts, and 
Houwing et al. (1986) used sprout colour as a characteristic to aid in the identification of 
different cultivars. The anthocyanin and flavonoid changes in tuber sprouts were not 
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investigated in these experiments, because only the final colour of tubers for 
consumption and the associated biochemistry was of interest, and therefore studies were 
limited to only tuber tissue. 
4.1.4 Effect of carbohydrates 
Anthocyanin accumulation is generally thought to be stimulated by sugars. Eddy and 
Mapson (1951) found that the anthocyanin concentration of cress seedlings increased 
when exogenous glucose, fructose, sucrose, sorbose, galactose or arabinose was fed, and 
that the anthocyanin content was related to the total sugar content rather than to the 
concentration of anyone sugar. They concluded that the effect of the sugar was indirect, 
possibly because of effects on general metabolism. A similar finding was made by 
Tbimann et al. (1951) using Spirodela oligorhiza. 
In apple peel, various treatments known to increase the activity of the pentose phosphate 
pathway were con-elated with increased anthocyanin accumulation (Faust, 1965). The 
"spring flush" of anthocyanin colour in the young leaves of many plants and the 
production of autumnal reds in dying leaves has been attributed to the fact that in both 
these situations, the leaves are particularly rich in free sugars (Harborne, 1967), and it is 
thought that the excess sugar upsets the metabolism in the direction favouring 
anthocyanin synthesis, to prevent excessive accumulation of free sugar in the cells. 
4.1.5 Determination of the surface area of tubers 
In the first season (1992/93), only tubers greater than 5g were analysed because it was 
difficult to peel tubers smaller than this size and determine the weight of the coloured 
skin. For the second season (1993/94), a method was developed to enable these smaller 
tubers «lOg) to be analysed. Therefore, in the analysis of these small tubers it was 
decided to use the surface area (SA) so these tubers could be compared with each other. 
It was considered that the shape of a typical tuber approximated that of an ellipsoid 
(McRae et ai., 1986; Meredith, 1989; 1995), so the formula to determine the surface 
area of an ellipsoid was used to calculate the approximate surface area of the tubers. 
For calculations, "l" and "Wll were defined as the length and width of the tuber, 
respectively. When I> w, as in the case of the potato, the surface area of an ellipsoid can 
be determined as follows:-
SA 2 n w2 + (2 n P w) / -i(P - W2) sin-1[-i(P - W2) / 1] 
lfthe eccentricity is defined as:-
e ...J(P - W2) /l 
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then SA 2n w2 + (2n Iw) / e sin-l[e] 
When I w, as in the case of a perfectly rolUld tuber, which sometimes occurred in 
smaller tubers, using an ellipsoid to approximate the shape was no longer valid, and 
instead the tuber shape was approximated by a sphere. In these cases the surface area 
was calculated by SA = 4n r2, where ur" equals Yz I (or Yz w), so the formula became:-
SA n P 
4.2 Materials and methods 
4.2.1 Plant material 
4.2.1.1 Tuber development 
Field grown tubers of Arran Victory, Desiree, Red Flesh and Urenika cultivars were 
grown at Lincoln by the NZ Institute for Crop & Food Research Ltd. All the tubers 
from one plant of each cultivar were sampled at weekly or fortnightly intervals 
throughout tuber development, starting as soon as the tubers reached over Sg, continuing 
lUltil no further increase in tuber weight was observed. The dates of sampling for the 
1992/93 season were 711, 2711, lS/2, 1/3, lS/3, and 29/3/93. For the 1993/94 season the 
dates of sample collection were 12/1, 19/1, 26/1, 2/2, 9/2, 16/2, 2/3, and 23/3/94. 
Tubers were divided into size classes based on weight as shown in Table 4.1. 
At each sampling date, all the tubers were removed from the plant and washed and 
weighed. For the 1992/93 season only, tubers over Sg were analysed, because smaller 
tubers were too small for analysis. For analysis of the tuber skin, the skin was peeled 
carefully from the tubers, with care taken to remove all flesh, and the skin sample was 
weighed. For tubers less than SOg in weight all the skin from the tuber was used, but for 
tubers larger than SOg a representative pOltion of skin was taken from the centre of the 
tuber, between the stem and bud ends (because the distribution of anthocyanin from one 
end of the tuber to the other was fOlUld to vary (Section 4.4.4». For analysis of tuber 
flesh, all the skin was removed and a representative slice of the flesh at the centre of the 
tuber was taken, and the flesh sample was weighed. Samples were up to 2g in weight. 
Only skin samples were analysed for Arran Victory and Desiree tubers because they 
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contained anthocyanin in the skin only, but both the skin and flesh were analysed for Red 
Flesh and Urenika tubers, which contained anthocyanin throughout the tuber. 
In the 1993/94 season, all tubers (over 2mm diameter) from the plant were sampled 
because the calculation of the surface area, rather than fresh weight (FW) enabled the 
smaller tubers «lOg) to be analysed. For tubers under 109, tubers were weighed, the 
length and width of the tuber measured, and the whole tuber analysed, whereas tubers 
over 109 were assayed as for the fust season. Additionally, for the second season, tubers 
were cut into two approximately equal halves (stem end and bud end) which were 
analysed separately for anthocyanins (and for other flavonoids and phenolic acids where 
measured) to determine if there was any difference in the concentration of phenolics 
between each end of the tuber. 
Table 4.1 Size classes (g) used for analysis of tubers during development. 
lower limit ! upper limit 
0.0 0.09* 
0.1 0.29* 
0.3 0.49* 
0.5 10.69* 
0.7 0.99* 
1.0 2.99* 
3.0 4.99* 
5.0 9.99 
10.0 19.99 
20.0 29.99 
30.9 49.99 
50.0 69.99 
70.0 99.99 
100.0 149.9 
150.0 199.9 
200.0 249.9 
250.0 299.9 
300.0 399.9 
* 1993/94 season only 
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4.2.1.2 Storage 
Arran VictOlY, Desiree, Red Flesh and Urenika tubers from the 1992/93 season were 
harvested after shoot senescence on 10/6/93, and stored at 4°C with 86% humidity, 
immediately after halvest. Random samples of five tubers from each cultivar were taken 
at the following dates:- 10/6 (halvest), 23/8, 8/10, 16/11, and 22112/93, the phenolics 
extracted and the anthocyanin concentration measured using the Hewlett Packard 8452A 
diode-array spectrophotometer. Additionally, Desiree extracts were analysed by 
analytical HPLC for individual anthocyanin, flavonol and phenolic acid concentrations. 
For the 1993/94 seaSon, tubers of the same four cultivars were harvested on 1/6/94 and 
stored at 4°C with 86% humidity. Tubers were weighed at harvest and again when 
sampling after storage. Random samples of five tubers of each cultivar were taken at 
fortnightly intervals from the harvest date (1/6/94) to the final sampling date (30/11/94). 
Anthocyanins were extracted from portions of the skin andlor flesh as in Section 4.2.l.1 
and their concentration recorded. Remaining portions of each tuber, not used for 
anthocyanin extraction, were freeze-dried and the %DM content calculated. For the 
1993/94 season, the effect of storage temperature on the anthocyanin concentration of 
stored tubers was also investigated. Tubers were kept outside (O-LOOC) for six weeks 
after halvest before the experiment was carried out, and then stored at each of four 
temperatures: 40 , 100 , 18° and 26°C, with the respective humidities at each temperature 
being 86%, 55%, 46%, and 32%. Anthocyanin concentrations from five randomly 
selected tubers at each storage temperature were measured at fortnightly intervals for ten 
weeks. 
4.2.1. 3 Distribution of anthocyanins within the tubers 
The distribution of anthocyanin (as a concentration in the different parts of the tuber) 
was measured in mature, stored tubers of Arran Victory, Desiree, Red Flesh, and 
Urenika, with tubers sampled after four months storage at 4 DC. The distribution of 
anthocyanins in Desiree skin was also measured for tubers during development (where 
plants were halvested during the period where tubers were still increasing in size), and 
tubers in the size classes of 50-70g and 70-100g were analysed. Each tuber was cut into 
five approximately equal slices and the anthocyanin concentration analysed by 
spectrophotometry. F or comparison with measurements of the anthocyanin 
concentration by extraction and spectrophotometric measurement, the distribution of 
pigment in the flesh of Urenika tubers was also measured by image analysis. Tubers 
were cut into five slices as before and the colour density of each slice measured across 
the cut surface ofthe slice using the image analyser at the NZ Institute for Crop & Food 
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Research Ltd, Lincoln, following the method of Coles et al. (1993), except that slices 
were measured individually (rather than in groups). 
4.2.2 Anthocyanin, flavonoid and phenolic acid analysis 
Phenolics were extracted in 15% acetic acid in methanol as outlined in Section 3.3.2. In 
most cases the concentration of anthocyanins was measured spectrophotometrically. A 
known volume of extract (5-300111) was added to 2001111% HCl in methan04 and made 
up to 500111 with 15% acetic acid in methanol The spectrum was recorded on the diode-
array spectrophotometer, and the absorbance at Amax determined. The absorbance at 
700nm was subtracted to correct for any turbidity, because the anthocyanins had no 
absorbance at 70Onm. The anthocyanin concentration in Desiree and Red Flesh samples 
was calculated from a Pg-3-mt calibration curve, and for Arran Victory and Urenika 
extracts a Mv-3-mt calibration curve was used (see Section 4.3.3). Additionally, for 
Desiree samples the identification and quantification of anthocyanins, Havonoids and 
phenolic acids in skin samples from both seasons throughout development, and the 
storage for the first seasons tubers, were carried out by analytical HPLC, as in Section 
3.3.3.2. This was carried out to identifY and monitor the changes in the individual 
anthocyanins, Havonoids and phenolic acids, and also as a compalison of total 
anthocyanins between the two methods. HPLC analysis could not be used for all 
cultivars because it was too time consuming and expensive. 
4.2.3 Carotenoid analysis - extraction and quantification 
Developing tubers of Arran Victory, Desiree, Red Flesh and Urenika from the 1992/93 
season were used for assay of carotenoid concentrations. Approximately 2g of tuber 
tissue was ground in liquid N2, and the resulting fine powder extracted three times in a 
total of 25m1 cold acetone, which was filtered through Mirac10th and centrifuged at 
12 OOOg, for 10min at 4°C. The supernatant was evaporated to dryness in vacuo, and 
the carotenoids redissolved in 0.9ml 80% acetone / 20% water. Hexane (1.35m1) was 
added and, after thorough mixing, the two phases allowed to separate. The spectrum of 
the top hexane fraction, containing the carotenoids, was recorded using the diode-array 
spectrophotometer. The absence of absorbance owing to anthocyanins (500-550nm) and 
chlorophyll (640-680nm) in the spectrum was confirmed, and the absorbance of 
carotenoids at 446nm was recorded. Because there was no absorbance due to 
carotenoids at 550nm, the absorbance at 550nm was subtracted to correct for turbidity, 
and the carotenoid concentration calculated from a calibration CUlve of rJ-carotene 
absorbance. 
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4.3 Evaluation of methods 
4.3.1 Extraction of phenolics 
4.3.1.1 Extraction solvent 
Tuber tissue was extracted with one of either:- 15% acetic acid, 1% HCI or 1% 
trifluoroacetic acid (TF A), each in methanol, and the extracts analysed by analytical 
HPLC. The samples extracted with the HCI or TFA solvent contained only about 10% . 
of the concentration of chlorogenic acid that was present in the acetic acid extracted 
samples. Because these two samples also contained higher concentrations of caffeic 
acid, it was thought that the use of these strong acids caused the hydrolysis of 
chlorogenic acid (probably at the stage when samples were dried using a rotary 
evaporator, and the acidic extract was heated and concentrated at 40DC). Although in 
these experiments the concentrations of other phenolic acids and flavonoids appeared 
similar to those in the acetic acid extract, other workers have found that stronger acids 
often cleave acyl groups from flavonoids (Strack and Wray, 1989), and therefore 15% 
acetic acid in methanol was used as the extraction solvent in all experiments. 
4.3.1.2 Extraction efficiency 
The number of extractions required for the complete recovery of anthocyanins was 
investigated. Triplicate samples of Red Flesh skin alld Urenika flesh (0.5g) were ground 
in liquid N2 and extracted six times with 10ml 15% acetic acid in methanol. Each 
separate extract was filtered, centrifuged (12 OOOg, 10min, 4DC), evaporated to dryness 
in vacuo and redissolved in l.5ml 15% acetic acid in methanol, and the anthocyanin 
concentration measured by spectrophotometry, as in Section 4.2.2.2. 
Table 4.2 Extraction efficiency of anthocyanins from skin (Red Flesh) 
and flesh (Urenika) samples (se = standard error). 
Extraction % of total anthocyanins extracted 
number Red Flesh se Urenika se 
1 89.7 2.2 87.9 l.8 
2 96.4 2.2 96.0 l.9 
3 98.3 0.4 98.7 0.3 
4 99.5 0.3 100 0.2 
5 99.8 0.3 100 0 
6 100 0.2 100 0 
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After four extractions, 99.5% of the anthocyanins in the Red Flesh skin samples was 
extracted, whereas for the Urenika flesh samples extraction was complete (Table 4.2). 
Extraction was also tested by spiking an initial sample of a white tuber (which contained 
no absorbance due to anthocyanins) with known concentrations of Cy-3-g1u. Over 
99.5% of the standard was recovered after two extractions. In general, isolation of 
anthocyanins from skin tissues required more extractions, which is probably because of 
the cell structure and the presence of waxes in the skin. Therefore, in all future 
extractions, tissue was extracted four times and these extracts pooled. 
4.3.2 Stability of anthocyanins 
Extracted anthocyanins from Red Flesh skin and Urenika flesh were stored at -18°C and 
the absorbance of the anthocyanins measured at intervals over eight months. There was 
no decrease in anthocyanin absorbance during this period, and therefore it was assumed 
that no degradation of anthocyanins had occurred. Therefore, in further experiments, the 
analysis of anthocyanins by spectrophotometry was carried out within two days of 
extraction, but the analysis by HPLC was often not performed for two to three months. 
4.3.3 Calibration curves for anthocyanin concentrations 
To calculate the concentration of anthocyanin present in samples, two calibration curves 
were prepared (with triplicate readings of the standard at ten different concentrations): 
1) Pg-3-rut, used for calculation of the anthocyanin concentration of Desiree and Red 
Flesh samples, and 2) Mv-3-rut, for Arran Victory and Urenika extracts. Both standards 
gave a linear calibration curve up to 20flg/ml with R2 values of 99.4% and 99.9% 
respectively. The equations of each line were 
Pg-3-rut concentration (flg/ml) 
and Mv-3-rut concentration (flg/ml) = 
(15.958 x absorbance) + 0.124 
(13.193 x absorbance) - 0.028. 
4.3.4 Measurement of anthocyanin absorbance and effect of pH 
The effect of pH on anthocyanin colour is well known, with increased acidity causing an 
increase in absorbance. The colour of potato anthocyanins in 15% acetic acid in 
methanol was low because of the weak acid. It was not always possible to remove all 
traces of acetic acid when the sample was dried in vacuo, so after being redissolved in 
15% acetic acid, the pH of the sample may have varied slightly. 1% HC} in methanol 
was not used for the extraction of phenolics because it was found to hydrolyse 
chlorogenic acid (Section 4.3.1.1) however, to increase the anthocyanin absorbance and 
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provide a more consistent pH when anthocyanin concentrations were measured by 
spectrophotometry, 1% HCl in methanol, to a final concentration of 0.6%, was added 
before measurement of anthocyanins. 
4.3.5 Extraction of carotenoids 
The number of extractions required for the complete extraction of carotenoids was 
investigated. Triplicate samples of Desiree flesh (1.5g) were grOlmd in liquid N2, and 
extracted four times with acetone. Each separate extract was filtered, centrifuged 
(12000g, IOmin, 4 C), evaporated to dryness in vacuo, and the carotenoids redissolved 
in 80% acetone / 20% water and assayed as above (Section 4.2.3). The carotenoids 
were completely extracted from the potato tissue after two extractions (Table 4.3), but 
three extractions were used in all further experiments. 
Table 4.3 Extraction efficiency of carotenoids (se = standard error). 
Extraction % of total carotenoids 
number extracted 
mean I se 
1 87.1 2.6 
2 100 2.6 
3 100 0 
4 100· 0 
4.3.6 Stability of potato carotenoids 
Carotenoids were extracted in acetone and stored at -18 C, and the absorbance at 446nm 
measured at intervals over five days. The carotenoid absorbance remained at 100% for 
the first four hours, after which it began to decrease slowly. At the end of five days, 
75% of the carotenoids remained. Therefore, in all further experiments the analysis of 
carotenoids was carried out within two hours of extraction, to rrrinimise any loss of. 
carotenoids. 
4.3.7 Analysis of carotenoids 
At the beginning of this thesis it was envisaged that some work would be canied out on 
the light induction of carotenoids, and compalison of the biochemistry of this class of 
compounds with the anthocyanins and flavonoids. However, the project was narrowed 
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down to include only anthocyanins, flavonoids and the related phenolic acids, with only a 
limited study of the carotenoids. The concentration of carotenoids and changes 
throughout the development of the tubers in Arran VictOlY, Desiree, Red Flesh and 
Urenika cultivars were investigated. Therefore, a quick method was required for the 
quantitative analysis of carotenoids. The spectrum of potato carotenoids showed a peak 
at 446nm (Figure 4.1), however in coloured potatoes anthocyanins were also present, 
which also absorbed at 446nm and interfered with a simple spectrophotometric assay at 
this wavelength. 
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Figure 4.1 Spectrum of potato carotenoids. 
Mild alkali (O.lM-NaOH) was added to the acetone extract to decolourise the 
anthocyanins, but alkali also caused a bathochromic shift in other flavonoid spectra,. 
producing a bright yellow colour which absorbed strongly at 446nm. When re-acidified, 
this yellow colour disappeared but the anthocyanin colour returned. Therefore, there 
was no pennanent discolouration of anthocyanins in mild alkali. Stronger alkali (lM-
NaOH) resulted in the irreversible degradation ofthe anthocyanins, and the fonnation of 
brown coloured degradation products, which also intelfered with the carotenoid assay. 
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A commonly used method for purifYing carotenoids is that of Davies (1976), which 
involves the pal1itioning of carotenoids with hexane and ammonium sulphate, followed 
by the precipitation of impurities with 25% (w/v) KOB in methanol. This method was 
investigated and appeared to produce pure carotenoids however, after the hexane/ 
ammonium sulphate steps 72.4% of the carotenoids remained, whereas after the KOB 
precipitation step only 23.0% of the original carotenoids remained. Therefore, this was 
not a useful method for the quantitative measurement of carotenoids in potatoes. 
The paI1itioning of carotenoids into hexane was investigated further, and addition of 
hexane to the carotenoid extract in 80%( aq) acetone caused the partitioning of the 
carotenoids into the hexane fraction leaving the anthocyanins in the acetone fraction. It 
was found that the optimum amount of hexane to use was L 5 times the volume of 
acetone (Figure 4.2), however a small amount of carotenoids remained in the acetone 
fraction (approximately 7%). Nevertheless, hexane partitioning was found to be the 
optimal method to separate carotenoids from anthocyaIIins for this project. (Note that if 
chlorophyll is also present in the extract, an altemative method of carotenoid purification 
is necessary because chlorophyll also absorbs at 446nm and is partitioned into the hexane 
fraction. However, this was not necessary for these samples as chlorophyll was only 
present in light exposed tubers, and was not present in tubers grown and stored in the 
dark.) 
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Figure 4.2 Am01.ll1t of hexane to add to acetone extract for effective extraction. 
Arrow represents the optimum am01.ll1t of hexane to add. 
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4.4 Results 
4.4.1 Levels of phenolics in developing tubers 
4.4.1.1 1992193 Season 
During the 1992/93 season, plants of Arran Victory, Desiree, Red Flesh and Urenika 
were harvested at fortnightly intervals during the period of tuber development, and the 
concentrations of anthocyanins measured in the skin andlor flesh. Additionally, for 
Desiree tubers the concentrations of flavonoids and phenolic acids were recorded. 
Although only one plant was harvested at each time and was not sufficient for statistical 
analysis, there were between 5 and 25 tubers used from each plant (depending on cultivar 
and time of harvest ), and these results did enable the general trends to be detected. 
Within anyone cultivar, tubers of a similar size had similar concentrations of 
anthocyanin, and this was independent of the sampling date (i. e. independent of the age 
of the plant). This was also found for the flavonoid and phenolic acid concentrations in 
the skin from Desiree tubers. Because there was no effect of sampling date, the data 
from tubers of a similar size were grouped together for further analysis of results, so that 
a statistical analysis could be carried out on this larger sample. 
The anthocyanin concentration in the skin of Desiree tubers (Figure 4.3a) and Arran 
Victory tubers (not shown) both showed similar changes with increasing tuber weight. 
In Desiree skin samples, the anthocyanin (Figure 4.3a) and flavonoid (Figure 4.3b) 
concentrations increased with increasing tuber weight, reaching a maximum (of about 
1750~g/gFW anthocyanins and 550~g/gFW flavonoids) in tubers weighing between 150 
and 200g, however then decreased in tubers weighing between 250 and 400g. There was 
a strong positive linear correlation between anthocyanin and flavonoids concentrations, 
with a correlation coefficient of 91.9%. The phenolic acid concentration in the skin of 
Desiree tubers (Figure 4.3c) showed a similar pattern to anthocyanin and flavonoid 
concentrations with increasing tuber weight, except that the phenolic acid concentration 
(of about 5100Ilg/gFW) peaked at a slightly lower weight, in tubers weighing between 
70 and 100g, then decreased in concentration in tubers weighing between 150 and 400g. 
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Figure 4.3 Concentration of a) anthocyanins, b) flavonoids, and c) phenolic acids in 
Desiree skin samples averaged over the 1992/93 season. 
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As indicated previously (Chapter 3), the major anthocyanin in the skin of Desiree tubers 
was Pg-3-p-coumaroyl .. rut-5-glu (anth-3), with other anthocyanins found at much lower 
concentrations. All anthocyanins showed a similar proportional increase in concentration 
(Figme 4.4), with a similar percentage of the different anthocyanins found throughout 
the development of the tuber. Similar patterns were found with flavonoid and phenolic 
acid concentrations, where the proportions of individual compounds within each class 
also remained similar. 
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Figure 4.4 Changes in concentration of individual anthocyanins during development of Desiree 
tubers. a total anthocyanin concentration, b = pelargonidin-3-(p-coumaroyl-rutinoside)-
glucoside (anth-3), c peonidin-3-(p-cournaroyl-rutinoside)-glucoside, d UA2 (pelargonidin-
glycoside), and e = pelargonidin-3-rutinoside. Error bars represent ± 1 standard error. 
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4.4.1. 2 1993/94 Season 
DUling the 1992/93 season (in which only tubers greater than 5g were anaiysed), it was 
noticed that the biggest changes in colour occurred in very small tubers «5g), and that 
the smallest tubers of Arran VictOlY and Desiree were often without colour. Because 
large changes in anthocyanin concentration were occuning in these small tubers it was 
obviously important to measure the anthocyanin concentration in these tubers «5g) as 
well, and this was carried out in the 1993/94 season by expressing the data on a sUlface 
area basis rather than a fi-esh weight basis. This was especially useful for anthocyanin 
concentrations in Desiree tubers because, in this cuhivar, anthocyanin was only found in 
the skin with none being detected in the flesh. 
bud end stem end 
Figure 4.5 Polarity of anthocyanin foollation in a Desiree tuber (20mm long) showing 
the coloured stem end and white bud end 
It was also observed that the distlibution of pigment was not unifOlm over the tuber, and 
anthocyanills appeared to form showing polality of distribution fi-om the stem end to the 
bud end (Figure 4.5). Typically, small Desiree tubers failed to produce anthocyanin 
pigmentation, and the colour then formed initially £i'om the stem end as tubers grew, and 
appeared to "travel" to the bud end until the whole tuber was pigmented (Figure 4.6). 
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However, the bud end of some tubers remained white until tubers were quite large (up to 
about SOg) (Figure 4.7). A similar pattern was fOlmd in Arran Victory tubers (Figure 
4 .8). 
stem end 
a 
bud end 
Figure 4.6 Desiree tubers showing the formation of anthocyanin from the stem end. 
a) 14mm long with 110 anthocyarun present, b) 20mm long (excluding rhizome) with the stem end 
half of the tuber showing pigmentation, but the bud end half remaining white and, c) 26mm long 
( ~50g) showing intense colouration at tl1e stem end, a lighter pink in the middle section, which 
gradually fades to white at the bud end 
The anthocyanin concentration ill the skin of Urel1.ika tuber increased very quickly 
coming to a maximum (at about SOOO~lg/gFW) before tubers reached 5g in size (not 
shown). There was also an increase in anthocyanin concentration with increased weight 
in the flesh of the smaller Urenika tubers (fiom Ig to about 20g), although anthocyanin 
concentrations were variable. However, the flesh of larger Urenika tubers (>50g) 
showed no change in anthocyanin concentration with increased size (remained at about 
2000~Lg/gFW). There was no change in anthocyanin concentration in Red Flesh skin 
extracts (remained at about 3000~lg/gFW) however, Red Flesh flesh samples increased to 
a maximum at about 20g (concentration about 1 OO~lg/gFW) (not shown). 
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stem end 
bud end 
Figure 4.7 Desiree tuber (~70mm long) showing that the bud end of tubers often remained white. 
bud end 
stem end 
Figure 4.8 Arran Victory tuber (~25Jl1Jll long) showing the fonnation 
of anthocyanm from the stem end 
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In microscope studies of developing Urenika tubers, the rhizomes were vel)' willte, and a 
small amount of purple colour was found just bellind the rhizome tip before the radial 
expansion of the hlber began (Figure 4.9a). As the hlber expanded, the colour of the 
pigment intensified, and pigment was observed further towards the bud end (Figure 4.9b 
to Figure 4.9d), until the typical dark purple colour was formed (Figure 4.ge). The 
pigment was fOlUld only in the skin, with the flesh remaining white, until tubers reached 
approximately 5-10mm in diameter, with anthocyanin in the flesh then gradually formed 
as hlbers grew (Figw-e 4. 10). 
Figure 4.9 Development of Cl.l1thocyarun pigmentation in Urenika tubers a) c lmm diameter b) 
~ 111111l di ameter c) -- 1. 5111m cliameter d) ~2 . 5Il1m cliameter e) 6mm diameter 
continued .. 
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Figure 4.9 continued . 
conti nued . 
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Figure 4.9 continued . 
e 
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Figure .... , 0 Changes 111 anthoc 311111 pigmentation \\lith increas ing tuber SIZ . in rel1l ka fl esh 
COII ' i tenl with the 1992/93 sea 011 .. similar sized tuber had similar anthocyall ill 
concentrati li S (for a h cult ivar ) .. and there was no correla tion betw en the aoe of the 
pla nt (date of harvest) and anthocya nin concentration . Therefore .. data from .. illlilar sized 
tubers were combined and the results were analys d as before ( 'eetion 4.4 1.2). Ther ' 
was no antho yanin pre ent ill the skin of 0 s i n~e tllb rs llIlder O. Ig (Figure 4. 11). As 
th e: tu bers increased in ize th e anthocyanin concentration in th ~ kin of the stem end of 
the tuber increa sed .. followed later by an increase in anthoc anin ollcentrat ion ill the 
skin of the bud end of larger tubers. The stem end of tubers contained higher 
concentrations of anthocyanin than the blld end .. until the tllber reached 150-200g when 
the conl:entrations were similarly dist,;olltcd (f igu re 4.1 1) The con cent rat ion of 
;Inthocya nin s in the sh.in of Desi ree tubers increased with in~; r asing tubt;r weight.. un til a 
lllaximulll was reached when tubers were between 100 and 150g This wa s similar to the 
patrern fOllnd in the I q92/93 season. except that in the 1993/94 season the tuhers "vere 
slightly smaller beca use oClcss [.vollrable weather conditions durillg the growth season . 
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Figure 4.11 Anthocyanin concentrations in Desiree skin samples, separated into bud 
and stem ends of the tuber, averaged over the 1993/94 season. a) whole tuber extracted 
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As for the 1992/93 season, the concentration of other flavonoids in Desiree tuber skin 
samples also increased with increasing tuber weight (from about 50J.1g/gFW to 400 
J.1g/gFW), but although concentrations were slightly higher in the stem end of the tuber, 
there was no significant difference in flavonoid concentration between the stem and bud 
end (not shown). As before, phenolic acid concentration also increased (from about 
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1500!J,g/gFW to 3000!J,g/gFW) with increasing weight in smaller tubers (0-50g), but 
reached a maximum at about 50g (of3000!J,g/gFW), and often decreased in larger tubers 
(not shown). The difference between the phenolic acids in the bud and stem ends 
showed the opposite pattern to the anthocyanins, with higher concentrations of phenolic 
acids found in the bud end than the stem end, until the tuber reached about 20g, after 
which there was no signilicant differences in phenolic acid concentration between the 
two ends ofthe tuber (not shown). 
4.4.2 Levels of carotenoids in developing tubers 
The carotenoid concentrations were measured in the skin and flesh of Arran Victory, 
Desiree, Red Flesh and Urenika cultivars throughout the 1992/93 season. The 
concentration of carotenoids was higher in the skin than the flesh of all tubers (Table 
4.4). A typical example of the average change in carotenoids throughout development 
was shown by the skin and flesh of Desiree tubers (Figure 4.12). In all cultivars studied 
the carotenoid concentration decreased with increasing tuber weight, although a slight 
increase in concentration was found in the largest weight class of tubers for Arran 
Victory, Desiree and Red Flesh, but not for Urenika. 
Table 4.4 Minimum and maximum carotenoid concentrations 
in tubers througbput development. 
Cultivar Tissue Carotenoid concentration 
(ng/gFW) 
mmnnum maximum 
AlTan Victory skin 506 1548 
flesh 293 744 
Desiree skin 440 1219 
flesh 368 1010 
Red Flesh skin 356 I 1914 
flesh 209 846 
Urenika skin 616 923 
flesh 355 487 
Chapter 4 Changes during development and storage 173 
4.4.3 Effect of storage on the level of anthocyanins 
4.4.3.1 1992193 Season 
Tubers of Arran Victory, Desiree, Red Flesh and Urenika were stored at 4°C, and 
sampled at intervals. The concentrations of anthocyanin increased in the skin of Desiree 
tubers (Figure 4.13a) and Arran Victory (not shown), and in the skin and flesh of 
Urenika tubers (Figure 4.13b and c), however there was no significant change in the 
anthocyanin concentrations in the skin or flesh of Red Flesh tubers (not shown) during 
storage. Additionally, the concentrations of flavonoids and phenolic acids were 
measured for Desiree tuber skin. The concentrations of flavonoids showed a similar 
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increase to the anthocyanins (flavonoid concentrations increased from about 350 to 430 
l-lg/gFW, not shown), whereas the phenolic acid concentration increased from harvest to 
120 days of storage (increased from about 2500 to 2800I-lg/gFW), after which there was 
no change (not shown). All individual compounds within the anthocyanin, flavonoid or 
phenolic acid classes showed similar proportional increases, and there was no change in 
the proportion of individual compounds within these classes during storage. 
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Figure 4.13 Changes in anthocyanin concentration in a) Desiree skin, b) Urenika skin and 
c) Urenika flesh of tubers during storage at 4°C for the 1992/93 season. 
Error bars represent ± 1 standard error. 
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4.4.3.2 1993/94 Season 
Following the analysis of cold stored tubers from the second season, the anthocyanin 
concentrations again showed increased concentrations in the skin of Desiree tubers 
(Figure 4.14a) and Arran Victory tubers (not shown), and in the skin and flesh of 
Urenika tubers (Figure 4.14b and c) during storage, whilst no change was shown by the 
skin and flesh of Red Flesh tubers (not shown). 
Figure 4.14 Changes in anthocyanin concentration in a) Desiree skin, b) Urenika skin and 
c) Urenika flesh of tubers during storage at 4°C for the 1993/94 season. 
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For the 1992/93 season it was uncertain whether or not the increase in anthocyanins 
measured during storage was because of the biosynthesis of anthocyanins, or the loss of 
water with an accompanied increase in %DM of the tubers, because the anthocyanin 
concentrations were expressed on a fresh weight basis. Therefore, the fresh weight and 
%DM of each tuber was measured throughout the 1993/94 storage period. Although up 
to 5% of the initial fresh weight had been lost after 170 days of storage, and an additional 
2% lost in sprout growth (shown by Desiree tubers in Figure 4.15), there was no change 
in the %DM (not shown). Therefore, the pattern of change in anthocyanin 
concentrations when calculated on a dry matter basis (not shown) was very similar to 
those shown in Figure 4.14 (where results are presented on a FW basis). The changes in 
FW and %DM were similar for the other cultivars. 
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4.4.3.3 Effect of storage temperature on anthocyanin concentration 
Tubers were stored at four different temperatures and sampled fortnightly for analysis of 
anthocyanin concentration. The anthocyanin concentration of tubers stored at 4°C 
increased gradually as before (Sections 4.4.3.1 and 4.4.3.2), whereas in tubers stored at 
higher temperatures, the anthocyanin concentration gradually decreased with increasing 
temperature. Figure 4.16 shows the anthocyanin concentrations for Desiree tubers after 
ten weeks of storage at each of these temperatures. The average loss of fresh weight 
:fl:om five tubers at each temperature is shown in Figure 4.17, where tubers stored at 
higher temperatures suffered from larger losses of fresh weight. The tubers stored at 
10°, 18° and 26°C also sprouted to a considerable extent (9.1, 8.3 and 5.0% of the 
original fresh weight respectively was made up of sprout growth), whilst tubers stored at 
4°C showed no sprout growth after ten weeks. Tubers at these three higher 
temperatures became wrinkled and increasingly difficult to peel and obtain flesh~free skin 
samples. There was no significant change in o/oOM for tubers stored at any of the four 
temperatures over the ten week storage period. 
c 
0 
~ 
L 
+....J 
c 
OJ 
U 
C 
0 
u 
c 
c 
m 
A 
u 
0 
£ 
+....J 
c 
« 
1600 
1500 
--~ 
1400 Q! 
~ 
............ 
1300 
1200 
Time 0 4°C 10°C 18°C 26°C 
Storage temperature 
Figure 4.16 Change in anthocyanin concentration of Desiree tubers after 
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Figure 4.17 Loss of fresh weight of Desiree tubers after ten weeks storage at a 
range of temperatures. Error bars represent ± 1 standard error. 
4.4.4 Distribution of anthocyanin in tubers 
As reported earlier (Section 4.4.1.2), the anthocyanin concentration in the stem end of 
tubers was higher than in the bud end throughout most of the tuber development. 
Anthocyanin concentration was measured in the skin of five approximately equal slices of 
Desiree tubers (50-70g and 70-100g tubers) while the plants were still actively growing, 
and again after storage for four months at 4°C. In actively growing tubers there was a 
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gradient of anthocyanin from high concentrations at the stem end to lower concentrations 
at the bud end, and this difference was more pronounced in the smaller (50-70g) tubers 
(Figure 4.18a) (where an~ocyanin concentration at the bud end was 75% of that at the 
stem end), than the larger (70-100g) tubers (Figure 4.18b) (where anthocyanin 
concentration at the bud end was 88% of that at the stem end). After four months of 
cold storage the distnoution of anthocyanin was reversed, with much higher 
concentrations in the bud end than the stem end (Figure 4 .18c). 
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Figure 4.18 DistnbUtion-of anthocya.ni.tl Concentration in the skin of Desiree tubers a) 50-70g 
and b) 70-100g during development, and c) after four months cold storage. 
The concentration of anthocyanin was also measured in skin and flesh of Arran Victory, 
Red Flesh and Urenika tubers after storage at 4 C. Urenika also showed a higher 
anthocyanin concentration towards the bud end in both the skin and flesh (Figure 4.19a 
and b). Arran Victory showed low anthocyanin concentration in the middle of the tuber, 
with medium concentrations at the stem end and high concentrations at the bud end, in 
both skin and flesh samples (Figure 4.19c and d). Anthocyanin concentrations in the skin 
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and flesh of Red Flesh tubers (not shown) showed a similar pattern to that of Arran 
Victory skin (Figure 4. 19c). As well as the extraction and measurement of the 
anthocyanin concentration in slices of stored tubers, the colour density of Urenika flesh 
slices was measured by image analysis (Figure 4.20). Thus, showed a similar pattern to 
that of the anthocyanin concentration in Urenika flesh detennmed by extraction and 
spectrophotometric measurement (Figure 4. 19a). 
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Figure 4.19 Distribution of anthocyanin concentration in tubers after four months of storage 
at 4°C. a) Urenika skin b) Urenika flesh c) Arran Victory skin and d) Arran Victory flesh. 
Error bars represent ± 1 standard error. 
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Figure 4.20 Distribution of anthocyanin pigment in the flesh ofUrenika tubers after four months 
of storage at 4°C, as measured by image analysis. Error bars represent ± 1 standard error. 
4.5 Discussion 
4.5.1 Anthocyanin metabolism 
The newly initiated tubers contained little or no anthocyanin. The size of the tuber when 
anthocyanin pigmentation was first observed appeared to depend on the cultivar. In the 
cultivars with strongly coloured tubers, such as Red Flesh and Urenika, production 
occurred immediately after tuber initiation with maximum anthocyanin concentrations in 
the skin reached before the tuber weighed about 5g. However, in less strongly colow'ed 
cultivars, such as Arran Victory and Desiree, maximum colour was not reached until the 
tuber weighed about 200g. In small tubers with no colour (e.g. Desiree), anthocyanin 
was found first at the stem end of the tuber, with the pigment gradually becoming visible 
further towards the bud end, with the bud end sometimes remaining white until tubers 
weighed over 50g. Therefore, the biosynthesis, or accumulation of anthocyanin occurred 
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first in the stem end, and then the anthocyanins either I) migrated towards the bud end, 
or more likely, 2) were then synthesised in a gradual manner towards the bud end. The 
anthocyanins were unlikely to be transported during the development of the tuber 
because they are relatively large molecules, and are stored in the vacuole, and it is more 
likely that the smaller precursor molecules were transported. In Desiree tubers, the stem 
end contained higher concentrations of anthocyanin than the bud end throughout the 
period of tuber growth. It was only when the tubers had stopped increasing in size that 
the anthocyanin concentrations in the stem and bud ends became similar. This suggests 
the presence of some compound which is transported via the rhizome to the developing 
tuber, but whether this is a hOlmone or some other signal, or simply the flavonoid 
precursors is still unclear. It is proposed that this compound(s) reached the stem end 
first, where anthocyanins were produced and the compound(s) was gradually transported 
to the bud end, where anthocyanin biosynthesis followed at a later stage. 
After cold storage, the distnoution pattern of anthocyanins was reversed from that found 
in developing tubers, with the highest concentration found in the bud end. It was 
thought that after cold storage, when the tuber begins to sprout, the starch was 
converted to sugars which were mobilised towards the bud end (sprouts) and used for 
growth. At this time, after cold storage, the tubers had higher concentrations of 
anthocyanin in the bud end, and because the concentration of anthocyanin increased 
during cold storage, it was proposed that the increase in sugars (a substrate for 
anthocyanin biosynthesis ~ refer to Section 5.1.1) promoted the anthocyanin biosynthesis. 
It was likely that because the sugars were mobilised towards the bud end (and the 
sprouts), the anthocyanin biosynthesis was higher in the bud end than in the stem end, 
where the concentration of sugars was lower. However, a lot more work is required to 
investigate more fully the distribution and changes of anthocyanin, sugar, and other 
flavonoid precursor concentrations during tuber development and cold storage to 
substantiate these hypotheses. These further investigations were outside the scope of 
this thesis. 
In the cultivar Urenika, which has purplelblack skin and flesh in mature tubers, the 
production of anthocyanin in the skin occurred almost immediately after tuber initiation 
however, the flesh remained completely white until tubers reached about 5 g (5-1 Omm in 
diameter). The production of anthocyanin in the flesh then began from the stem end, and 
gradually increased with the bud end producing anthocyaniu last. Therefore, in the more 
strongly coloured tubers (e.g. Urenika) the anthocyanin concentration reached a 
maximum in much smaller tubers, than in weaker coloured tubers (e.g. Desiree). 
However, in all cultivars studied, the biosynthesis of anthocyanins followed the same 
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pattern of appearance, being fOlmed in the stem end first, followed by formation in the 
bud end. 
When the anthocyanin, flavonoid and phenolic acid concentrations were measured 
throughout the development of the tubers, no correlation was found between these 
concentrations and the harvest date (i.e. age of the plant). Although the average tuber 
size (weight) for each plant harvested generally increased throughout the season, this 
was not always the case because initiation of new tubers took place over about a two 
month period, so a range of tuber sizes were present at each harvest. Tuber size also 
depended to a lesser extent on the number of tubers present on individual plants and 
environmental conditions. However, the concentrations of anthocyanins, flavonoids and 
phenolic acids were correlated with the size of the tuber (not the sampling date or age of 
the plant). Because of variation between plants, it would be useful to carry out further 
experiments with more plants and a larger sample of tubers within each size class (more 
than the six to eight tubers in each class that were used for this study). There would be 
no need for the analysis of tubers throughout the season as long as the range of tuber 
sizes were sampled, because the age of the plant per se had no effect on the 
concentration of the phenolics. 
Within each plant, the concentration of anthocyanins, flavonoids and phenolic acids per 
gFW increased with increasing tuber weight. Phenolic acid concentrations reached a 
maximum in tubers of about 100g, whilst anthocyanin and flavonoid concentrations 
reached a maximum slightly later in tubers < of about 150g, before decreasing slightly. 
The concentration of phenolic acids reached a maximum before that of the anthocyanins 
and flavonoids, possibly because they are earlier intermediates in the phenolic and 
flavonoid pathways. The slight decrease in concentration of these phenolics compounds 
in large tubers probably results from concentrations being measured per gFW. It is 
thought that the synthesis of phenolic compounds had slowed down or stopped, and 
because the tuber was still increasing in size this resuhed in a reduced concentration per 
gFW (dilution), rather than the degradation or metabolism of these compounds. 
The cold storage of tubers caused a gradua~ but significant increase in anthocyarrln 
concentration over a period offive months. It was initially thought that this increase may 
have been caused by the loss of water and associated increase in %DM, rather than the 
synthesis of anthocyanin. However, in the second season when this experiment was 
repeated and the %DM measured, there was a decrease in FW of the tubers, although no 
change in %DM. This suggests that the increase in coloured pigments during storage 
was because of the synthesis of anthocyanin molecules. There may also have been a 
change in colour owing to a change in the vacuolar medium, such as in pH or 
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copigments, but neither of these effects would have been detected with the 
spectrophotometric method that was used. The pH of samples was standardised before 
measurement and the samples were redissolved in methanol, so no copigmentation would 
have occurred (because copigmentation can occur only in aqueous solutions). 
Before the experiments on the effect of storage temperature were carried out, the tubers 
were stored outside for six weeks (at O-lO°C). During this time the anthocyanin 
concentration increased from 460Ilg/gFW (Figure 4.l4a) to 640Ilg/gFW (Figure 4.16). 
During the experimental storage period of ten weeks at 4°C the anthocyanin 
concentration increased further, however tubers stored at 10°, 18° and 26°C showed a 
decrease in anthocyanin concentration. Even so, the anthocyanin concentration of the 
tubers stored at these higher temperatures only reduced to 500Ilg/gFW, which was still 
slightly higher than the concentration at the harvest date (4601lg/gFW). Therefore, it is 
not known if this decrease at the three higher temperatures would have occurred without 
the initial six week storage period. It would have been interesting to repeat this 
experiment and store the tubers at different temperatures immediately after harvest to see 
if a decrease still occurred at higher temperatures, but time constraints did not permit this 
to be carried out. 
Cold storage of tubers is known to cause the production of sugars from starch (cold 
sweetening) (Burton, 1978). Because sugars are one of the precursors of anthocyanins 
(Section 5.1.1), this increase in sugars may have played a part in the synthesis of 
anthocyanins during cold storage, especially since only tubers in cold storage showed an 
increase in anthocyanin concentration. A number of workers have reported that plants 
produce anthocyanins under high sugar conditions (reviewed in Hrazdina, 1982), and 
Harbome (1967) proposed that the excess sugar in the cells upsets metabolism in the 
direction favouring anthocyanin synthesis. 
Sprouting occurred in tubers stored at the three higher temperatures (10°, 18° and 26°C) 
and the decrease in anthocyanin concentration was related to the amount of sprouting, in 
that there was a larger decrease in anthocyanin concentration in tubers with a larger 
weight of sprouts. The sprouts also showed anthocyanin colouration (in dark stored 
tubers), so it is thought that the anthocyanin was either 1) transported from the tuber to 
the sprouts or, more likely 2) degraded in the tubers to be re-synthesised in the sprouts. 
Sprouting has also been associated with the metabolism of sugars, but in this case the 
sugars were transported to the growing sprouts. It is suggested that the decreased 
anthocyanin concentration in stored tubers is associated with the sprouting, especially as 
in the tubers stored at 4°C the decrease in anthocyanin concentration in the last month of 
storage (Figures 4.13,4.14 and 4.15) coincided with the sprouting of these tubers. It is 
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thought that the increased anthocyanin concentration in cold stored tubers (4°C) was 
because of an increase in sugar concentration in the tubers. These storage experiments 
Showed that both a net synthesis and degradation of anthocyanins can occur in potato 
tubers, which suggests that there may be continual metabolism of anthocyanins as tubers 
respond to environmental conditions; analogous to that which occurs with starch/sugar 
metabolism It would be of great interest to pursue fiuther this line of research into the 
effect of different storage temperatures on the metabolism of anthocyan ins and 
flavonoids, to determine what effects the commercial storage of tubers has on the colour 
of tubers, and to elucidate further the effect of sugars, cold sweetening and sprouting in 
tubers on the anthocyanin concentration. 
Most tubers are stored before private or commercial use. Therefore, in tubers where 
colour is important, care needs to be taken to ensure that storage conditions are optimum 
for maximum tuber colour, because the anthocyanin concentration changes response to 
the storage conditions (e.g. storage temperature, length of storage time, etc.). 
4.5.2 Carotenoid metabolism 
The measurement of carotenoids throughout the development of tubers was carried out 
as a minor project because carotenoids are the other main pigment class in potatoes apart 
from anthocyanins. It would have been more appropriate to calculate the carotenoid 
concentration from a calibration curve of violaxanthin andlor lutein instead of ~­
carotene, because potatoes have been found to contain mostly the former, and none or 
extremely minor amounts of ~-carotene, however only ~-carotene was readily available 
for use as a standard. However, the measurement of carotenoids was carried out only to 
give an indication of the relative levels present and the changes occurring in the five 
cultivars, and to compare this with the anthocyanins, therefore the changes rather than 
absolute values of carotenoids were important. It was interesting to discover that the 
concentrations of carotenoids followed a completely opposite pattern to that of 
anthocyanins, flavonoids and phenolic acids during the growth of tubers, with carotenoid 
concentration decreasing with increased tuber weight. The concentration of carotenoids 
in mature tubers was low in most cultivars and, when anthocyanin pigmentation was also 
present, the carotenoids did not appear to contnbute towards the final colour of the 
tuber, except in some fleSh samples. The concentration of carotenoids was higher in the 
skin than the flesh in all cultivars. 
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4.5.3 Conclusions 
The major conclusions and answers to the questions raised in the aims ofthis chapter, are 
summarised below. 
1) The biosynthesis of anthocyanins coincided with tuber initiation in the 
cultivars with intensely coloured mature tubers (i.e. high concentrations of anthocyanin), 
and after a small increase as the smaller tubers increased in size, anthocyanin 
concentrations remained relatively constant (although because tubers were increasing in 
weight, anthocyanin was still being synthesised to maintain a constant concentration). 
However, in cultivars with weakly coloured mature tubers (i.e. lower anthocyanin 
concentrations), the developing tubers remained white for longer, and concentrations 
increased gradually with increasing weight, up to a maximum concentration at a certain 
tuber weight depending on the cultivar, before decreasing slightly. In Desiree tubers, the 
concentration of flavonoids followed a similar pattern to the anthocyanins, whilst the 
phenolic acids reached a maximum concentration at a slightly lower tuber weight than 
the anthocyanin and flavonoids. 
2) The distribution of anthocyanins altered during tuber development and also 
during cold storage. In very small developing tubers the anthocyanins were found first in 
the stem end of the tuber, whilst the bud end remained white. As the anthocyanin 
concentration increased during tuber development, the concentration increased over the 
whole tuber, and the concentration at the stem end was always higher than that at the 
bud end, until the tuber reached maturity when the concentration was approximately 
equal in both ends. 
3) During cold storage the anthocyanin concentration in the tubers increased. 
After cold storage tubers had a higher concentration of anthocyanin in the bud end than 
the stem end - the opposite pattern to that found in developing tubers. The storage of 
tubers at higher temperatures did not show this increase in anthocyanin concentration. 
The increased colour in cold stored tubers was discussed in terms of its relationship "cold 
sweetening" and the increased concentration of sugars in these tubers. 
4) The concentration of carotenoids decreased during tuber development,· 
showing the opposite pattern to the increased anthocyanin concentrations. The 
carotenoids did not appear to have any effect on the visible colour of mature uncut 
"coloured" tubers (i.e. tubers containing anthocyanin in the skin), because the 
anthocyanin colour was more intense than the carotenoid colour. However, when 
anthocyanins were not present, the carotenoids provided the majority of the colour, 
especially in the flesh. 
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CHAPTER 5 
Biosynthesis and regulation of the anthocyanins and other flavonoids 
5.1 Introduction 
5.1.1 Flavonoid biosynthesis 
Two main types of metabolism are thought to exist in plants, primary and secondary 
metabolism Primary metabolism is the metabolism of compounds which are absolutely 
necessary for the normal functioning and growth of the plant, and includes the 
metabolism of carbohydrates, proteins, and nucleic acids. Secondary metabolism is the 
metabolism of compounds which are not obviously vital to the plants life, and includes 
the synthesis of compounds such as phenolic acids, flavonoids, terpenoids, alkaloids, etc., 
(Neumann et ai., 1985). 
The results of feeding experiments using 14C-Iabelled precursors have indicated that the 
fifteen carbon skeleton of flavonoids is derived from two separate pathways involved in 
primary metabolism - the malonate (including the acetate) pathway and the shikimic acid 
pathway (Figure 5.1). The A-ring offlavonoids (Figure 1.2) is formed by the head to tail 
condensation of one acetyl CoA and two malonyl CoA units; whilst the B- and C-rings 
are derived from 4-coumaroyl CoA, a C6-C3 phenylpropanoid (Stafford, 1990). The 
synthesis of these precursors is discussed below. 
5.1.1.1 Precursor pathways 
The flavonoid precursors are derived from carbohydrates (Figure 5.1). Malonyl CoA is 
produced via the malonate pathway, and the 4-coumaroyl CoA precursor via the shikimic 
acid and phenylpropanoid pathways. 
Note that throughout this chapter light intensity is expressed in Watts/m2, rather than I-LmoVm2/sec or 
I1Einsteinlm2/sec which would have been more correct in most cases. Watts/mz was used because in 
Figure 5.16 it was necessary to measure actual light intensity at each wavelength, rather than 
photosynthetically active light, and therefore, for consistency Watts/m2 was used in all cases. 
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A) Malonate pathway 
Acetyl CoA is formed directly from carbohydrates as an integral part of the ce1lts primary 
metabolism Malonyl CoA is formed in a complex reaction from acetyl CoA and CO2, 
catalysed by acetyl CoA carboxylase (Figure 5.1), in the presence of ATP and Mg 2+. 
Malonyl CoA is a precursor for flavonoid biosynthesis and supplies the C2 units used in 
the synthesis of the flavonoid A-ring. Malonyl CoA also has a number of other uses in 
the cell; for example, it supplies the C2 units used for the synthesis of cuticular waxes, 
stilbenoids, anthroquinones and malonyl amino cyclopropane-I-carboxylic acid. It is 
thought that acetyl CoA carboxylase exists as a series of isozymes in different ce1lular 
compartments to participate in such a varied series of reactions (Stafford, 1990). 
Malonate 
pathway 
Carbohydrates 
/ 
AcetylCoA 
AcetylCoA 
carboxylase 
MalonylCoA 
~ 
Chalcone 
1 
Flavonoids 
Sbikimate 
~ 
Chorismate 
~ 
Phenylalanine 
~ PAL 
t-Cinnamic acid 
~ C4H 
p-Coumaric acid 
+4CL 
4-Coumaroyl CoA 
Shikimate 
pathway 
Phenyl-
propanoid 
pathway 
J1igure 5.1 Precursor pathways of flavonoid biosynthesis: the production of precursors from 
carbohydrates via the acetate, shikimic acid and phenylpropanoid pathways 
(PAL = phenylalanine ammonia-lyase, C4H = cinnamic acid 4-hydroxylase, 
4CL 4-coumarate:CoA ligase). 
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B) Shikimic acid pathway 
The shikimic acid pathway produces phenylalanine from carbohydrates via the 
production of chorismate, and is the main route to the aromatic (phenolic) amino acids, 
phenylalanine and tyrosine, in higher plants (Jensen, 1985). Although phenylalanine is 
the main substrate for the phenylpropanoid pathway leading to the production of 4-
coumaroyl CoA, tyrosine may also be used in a parallel reaction leading into the 
phenylpropanoid pathway and production of 4-coumaroyl CoA 
C) Phenylpropanoid pathway 
The phenylpropanoid pathway is invo1ved in secondary metabolism, and forms the basic 
C6 aromatic rings for all major plant phenolics, including the precursor used in the 
production of flavonoids. Other major plant phenolics produced via the phenylpropanoid 
pathway include the benzoic and cinnamic acids, which are important components in the 
synthesis of cells walls and lignin (Rt'bereau-Gayon, 1972). The phenylpropanoid 
pathway invo1ves three enzymes; phenylalanine ammonia-lyase (PAL), cinnamic acid 4-
hydroxylase (C4H) and 4-coumarate: CoA ligase (4CL) (Figure 5.1). A brief description 
of these enzymes and their regulation is included below. 
1) Phenylalanine ammonia-lyase (PAL) 
PAL is often regarded as the key enzyme of the phenylpropanoid pathway, and in the 
biosynthesis of flavonoids and many other phenolics (Hahlbrock et al., 1976; Stafford, 
1990). It catalyses the deamination of L-phenylalanine to yield t-cinnamic acid and 
ammonia (Figure 5.2), which is the first committed step for phenylpropanoid biosynthesis 
in higher plants, and links primary and secondary metabolism 
PAL was first discovered in barley seeds by Koukol and Conn (1961), and since then has 
been studied extensively, and also been purified and characterised from a number of plant 
and fungal sources (Hanson and Havir, 1979). The purified PAL enzyme from potato 
tubers was found to have a molecular weight of332 IDa (Havir and Hanson, 1968), and 
to be composed of four equal subunits, each with a molecular weight of 83 IDa (Havir 
and Hanson, 1973), which is similar to that found in many other plants (reviewed_in 
Stafford, 1990). Wide variations in levels of PAL activity from plants have been 
recorded, and levels appear to depend on the genotype, age, developmental status, organ-
and even tissue of the plant. A number of studies have been carried out using developing 
seedlings, in which PAL activity changes dramatically during the first few days 
(Weissenbock, 1975; Knogge and Weissenbock, 1986). 
Increased PAL activity has been shown to be associated with the synthesis of phenolics, 
including anthocyanins and other flavonoids (Hahlbrock et al., 1971a and b; Cheng and 
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Breen, 1991). PAL activity, and therefore the synthesis of phenolics, is affected by a 
number of factors including light, wounding, pathogen attack, temperature, mineral and 
water nutrition, and growth regulators (Camm and Towers, 1977). A number of early 
studies found increased PAL activity after illumination of potato tuber disks (Zucker, 
1965, 1968; Sacher et at., 1972; Lamb and Rubery, 1975). Experiments using 
inhtbitors oftranscription and translation, and also radioactive feeding experiments, have 
suggested that this increased PAL activity after exposure to light is caused by the 
synthesis of PAL mRNA and de novo synthesis of the enzyme protein (Creasy and 
Zucker, 1974; Ishizuka et at., 1991). Following this increase in PAL activity, the 
subsequent decrease in activity has been found to be caused by decreased PAL synthesis, 
coupled with PAL inactivation. This inactivation has been found to be caused by an 
inducible, probably proteinaceous, inhibitor of the PAL enzyme (Hanson and Havir, 
1981). 
A similar enzyme, tyrosine ammonia-lyase (TAL), which catalyses the deamination of 
tyrosine to produce p-coumaric acid, is also found to be associated with flavonoid 
biosynthesis in some cases. However, although TAL activity has been found in a number 
of plants, it has not been found in extracts from potatoes (reviewed in Stafford, 1974), 
and will not be considered here. 
2) Cinnamic acid 4-hydroxytase (C4H) 
C4H is a microsomal enzyme containing cytochrome P-450, and catalyses the 
Oz-dependent hydroxylation of t-cinnamic ~cid to form p-coumaric acid (Figure 5.2). 
Sinrilarly to PAL, C4H activity has been reported to increase in response to light and 
wounding in some plants (Creasy and Zucker, 1974), and therefore the phenylpropanoid 
pathway and production of phenolics is very responsive to these environmental changes. 
3) 4-coumarate:CoA ligase (4CL) 
4CL catalyses the synthesis of the CoA ester, 4-coumaroyl CoA, from p-coumaric acid 
(Figure 5.2), and is dependent on ATP and Mg2+. 
4-Coumaroyl CoA, together with acetyl CoA and two molecules of malonyl CoA, are the 
substrates for the synthesis of the CI5 flavonoid intermediate. 
5.1.1.2 Specific flavonoid pathways 
From the formation of the flavonoid precursors, and the formation of the C15 flavonoid 
intermediate, there are a number of specific flavonoid pathways which provide the 
biosynthetic routes to the various classes of flavonoids, such as :tlavonols, 
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dihydroflavonols, flavones, anthocyanins, etc. The enzymes involved in these reactions 
will be discussed briefly. 
COOH COOH COSCoA 
PAL C4H 4CL 
CoASH,ATP 
NH3 
L-Phenylalarune t-Gnnamic 
acid 
p-Coumaric 
acid 
4-Coumaroyl CoA 
Figure 5.2 Phenylpropanoid pathway (PAL phenylalanine ammonia-lyase, 
C4H cinnamic acid 4-hydroxylase, 4CL 4-coumarate:CoA ligase). 
1) Chalcone synthase (CHS) 
The first step which is specific to the flavonoid pathway is the condensation of two 
molecules of malonyl CoA and one of acetyl CoA with 4-coumaroyl CoA to form the 
CI5 intermediate, naringenin chalcone (21,4,4,,6'-tetrahydroxychalcone) (Figure 5.3). 
Formation of this chalcone is catalysed by the enzyme, chalcone synthase (CHS), and is 
frequently considered to be the rate limiting step of the specific flavonoid pathway 
(Stafford, 1990). CHS has been purified from a number of plants (see Stafford, 1990 for 
review). CHS shows end-product inhibition, with CoA, naringenin, eriodictyol, apigenin 
and luteolin all having been shown to inhibit the activity. The expression of the CHS 
enzyme and its activity has been found to be light induced (Stafford, 1990). 
AcetylCoA + 
2 x Malonyl CoA 4-Coumaroyl CoA 
t CHS 
~OH OH 
HO OHP HO W . _____ C~ __________ ~ 
Naringenin Naringenin 
chalcone 
Figure 5.3 Fonnation ofnaringenin chalcone and naringenin by 
chalcone synthase (CHS) and chalcone isomerase (CHI). 
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Figure 5.4 Major flavonoids found in the red-skinned tubers of cultivar Desiree, and their 
inter-relationships. Solid arrows indicate single reactions in the major pathways and 
broken arrows indicate postulated parallel reactions. (DHR dihydroflavonol reductase, 
F3H = flavanone 3-hydroxylase, F3'H = flavonoid 3'-hydroxylase, FS = flavonol synthase, 
GT = glycosyltransferase, MeTr = methyltransferase). 
2) Chalcone isomerase (CHI) 
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Most classes of flavonoid (e.g. flavonols and anthocyanins) are derived from a flavanone 
mtelmediate. The flavanone, naringenin [(-)-(2S)-7 ,4'-dihydroxyflavanone] is formed 
from naringenin chalcone (Figure 5.3). This reaction, which does occur spontaneously, 
is catalysed at a faster rate by the enzyme chalcone. isomerase (eIll). In contrast to the 
spontaneous reaction which is not stereospecific, a high degree of stereospecificity has 
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been found for the enzyme, with 99.99% of the product formed as the 2S-flavanone, 
which is required for further reactions in the flavonoid pathways (Stafford, 1990). Both 
CHS and cm activities are induced together under certain conditions (e.g. light), and 
tend to change in a similar pattern during development (Heller and Hahlbrock, 1980; 
Stafford, 1990). 
Following the formation ofnaringenin there are a number of different routes towards the 
formation of different classes of flavonoids, and a general biosynthetic pathway for the 
flavonoid classes has been shown in Figure 1.3. Because most of these classes have not 
been found in potatoes, a more detailed insight into the biochemistry of those flavonoids 
which are produced in potatoes will be discussed. From pathways described by 
Grisebach (1982), Stafford (1990) and Lister (1994) and in conjunction with the results 
presented in Chapter 3, a pathway for the biosynthesis of mono- and dihydroxylated 
flavonoids in red potato tubers (containing only Pg- and Pn-glycosides in the anthocyanin 
class, e.g. Desiree) is postulated (Figure 5.4). The biosynthesis of flavonoids in plU}lle 
tubers is similar, but additionally includes the synthesis of trihydroxylated anthocyanins 
and their methylated derivatives (Dp, Pt and Mv). 
The major classes offlavonoids produced in potatoes are flavanones, flavonols, flavan-3-
ols and anthocyanins (Chapter 3). Small amounts offlavones have also been reported in 
some Solanum species (Harborne, 1967; Stafford, 1990), but because they were not 
detected in this study, a detailed discussion of their biosynthesis will not be included. 
3) Flavanone 3-hydroxylase (F3H) 
Dihydroflavonols are thought to represent a branch point in the biosynthetic pathway of 
potato flavonoids, with flavonols, flavan-3-0Is and anthocyanins all formed from this 
class of compound. The conversion of flavanones (e.g. uaringenin or eriodictyol) to 
dihydroflavonols (e.g. dihydrokaempferol (dOHKm) or dihydroquercetin (dOHQu» is 
catalysed by the enzyme flavanone 3-hydroxylase (F3H) (Figure 5.4). This enzyme has 
been detected from a variety of plants, and has been characterised as a soluble 
dioxygenase which requires 2-oxoglutarate, Fe++ and ascorbate as co-factors (Brits~h 
and Grisebach, 1986). 
4) Flavonolformation 
The enzyme flavonol synthase (FS), which converts dihydroflavonols to flavonols, is also 
a dioxygenase requiring 2-oxoglutarate, Fe++ and ascorbate, but has not been studied in 
as much detail as many of the other enzymes of the flavonoid pathways. FS is able to 
catalyse the conversion of dOHKm to kaempferol (Km) and dOHQu to quercetin (Qu) 
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(Figure 5.4), and also dihydromyricetin (dOHMy) to myricetin (My) (Gerats et al., 
1982). 
5) Flavan-3-olformation 
Flavan-3-0Is (catechins) are formed from dihydroflavonols in two steps (Figure 5.4). 
The first step, catalysed by the NADPH dependent enzyme dihydroflavonol reductase 
(DHR), is the production of the flavan-3,4-diol (leucoanthocyanidin, e.g. lencocyanidin). 
The second step is the further reduction of the flavan-3,4-diol (e.g. lencocyanidin) to the 
flavan-3-01 (e.g. catechin or epicatechin), which is catalysed by 3,4-cis-diol 4-reductase 
(Harborne, 1988). The B-ring offlavan-3-ols generally has a 3',4'-dihydroxyl or 3',4',5'· 
trihydroxyl pattern; the 4'-hydroxyl pattern which would result from the reduction of 
dOHKm is not usually found (Stafford, 1990). 
6) Anthocyanidinformation 
Previously, there has been some controversy over the pathway to anthocyanins however, 
it has now been demonstrated, by supplementation studies and tracer studies using 
seedlings and cell suspension cultures, that dihydroflavonols are intermediates in 
anthocyanin biosynthesis (Stafford, 1990). The participation of flavan-3,4-diols in 
anthocyanin biosynthesis has also been shown by a series of supplementation experiments 
in which these precursors were fed to mutant acyanic flowers resulting in anthocyanin 
production (Heller et al., 1985a and b). Similarly, white Camellia flowers which were 
fed with dOHKm, dOHQu, dOHMy, naringenin and eriodictyol showed a large increase 
in the production of anthocyanins (Bowen, 1994). Therefore, it is thought that 
anthocyanin biosynthesis involves the enzyme DHR to convert dihydroflavonols to 
flavan-3,4-diols (Figure 5.4). However, the enzyme(s) responsible for the conversion of 
flavan-3,4-diols to anthocyanidins have not yet been discovered, although various 
possible reaction schemes have been postulated (Heller and Forkman, 1988; Stafford, 
1990). Genes (CHS and DHR) involved in anthocyanin biosynthesis have recently been 
isolated, and these may provide information on the enzyme( s) involved (Gutterson, 
1993). 
7) B-ring hydroxylation and methylation 
The 4'-hydroxyl group of the B-ring is introduced by the incorporation of 4-coumaroyl' 
CoA during the first step of flavonoid biosynthesis. Other B-ring substitution pattems 
may be determined in two ways: 1) incorporation of already substituted 
hydroxycinnamic derivatives to the C15 skeleton during this first step or, 2) subsequent 
B-ring substitution of C15 intermediates by specific hydroxylases (Heller and Forkman, 
1988). 4-Coumaroyl CoA is the usual substrate for CHS but, in some cases caffeoyl 
CoA and feruloyl CoA can also serve as substrates in vitro, but these are typically less 
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effective (Heller and Forkman, 1988). In contrast, a variety of plant extracts have been 
shown to catalyse the addition of a hydroxyl group at either the 3' or 5' position of the B-
ring at the C15 level. These reactions are catalysed by flavonoid 3'-hydroxylase (F3'H) 
and flavonoid 3',5'-hydroxylase (F3',5'H), which are cytochrome P-450 mono-oxygenases 
found in microsomal fractions, and require NADPH and 02' These hydroxylases are 
non-specific in their recognition of the hydroxylation pattern of the C-ring, and therefore 
can act on most classes of flavonoid. This results in many species having a similar 
hydroxylation pattern throughout all classes of flavonoids, and also provides a metabolic 
IIgrid" where, for example, dOHQu can be made from two different pathways from 
narmgenin, via either eriodictyol or dOHKm (Figure 5.4) (Stafford, 1990). 
Methylation ofB-ring hydroxyl groups is also thought to occur at the CIS level, and is 
catalysed by specific O-methyltransferases which use S-adenosyl-L-methionine (SAM) as 
the methyl donor. 
8) Glycosylation and acylation 
Glycosylation and acylation are thought to be late or terminal steps in the biosynthesis of 
flavonoid glycosides. Two types of glycosides have been found in plants: O-glycosides 
and C-glycosides (HeUer and Forkmann, 1988). Only O-glycosides have been found in 
potatoes, so glycosylation is catalysed by O-glycosyltransferases (GT) which generally 
transfer a sugar group from its UDP-derivative. Unglycosylated anthocyanidins are 
rarely, if ever, found in nature because they are usually converted into the more stable 3-
glycosides. The glycosylation step convert;s the flavonoid into a more water soluble 
constituent which is necessary for the retention of vacuole stored flavonoids. Acylated 
sugars are common in many flavonoid classes, particularly the anthocyanins, and this 
reaction is catalysed by acyltransferases. Acylation tends to make the flavonoid more 
stable because the extent of hydration is reduced (Chapter 2). 
5.1.2 Phenolic acid biosynthesis 
The phenolic acids are also produced via the shikimic acid and pheny1propanoid 
pathways. The cinnamic acids are produced from t-cinnamic acid via a series of 
hydroxylation and methylation steps, and the benzoic acids are produced from these· 
cinnamic acids by the alteration ofthe C3 side chains to CI side chains (Figure 5.5). 
5.1.3 Internal regulation of flavonoid biosynthesis 
Flavonoid biosynthesis is genetically controlled, and certain plants and tissues are capable 
of producing only some classes of flavonoids; or can only produce flavonoids with a 
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certain substitution pattern. However, the types of flavonoid, and especially amounts of 
these flavonoids, that the plant can synthesise are often regulated by internal and external 
factors and are produced at different times during plant development (e.g. the "flush" of 
anthocyanins produced in young seedlings). 
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Figure 5.5 Biosynthetic pathway of cinnamic acids and benzoic acids 
(P AL = phenylalanine ammonia-lyase). 
5.1.3.1 Substrate supply 
As has been stated previously, PAL is usually considered to be the main limiting factor in 
the biosynthesis of phenylpropanoids, including anthocyanins, flavonoids and phenolic 
acids (Section 5.1.1.1). In contrast to this hypothesis is work carried out by Margna 
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(1977) which suggested that substrate (phenylalanine) supply, rather than enzymatic 
(PAL) activity, was the most likely limiting factor controlling phenylpropanoid 
accumulation. This hypothesis is based on their findings which include: 1) the frequent 
lack of consistent correlation between changes in the levels of PAL and accumulation 
rate of phenylpropanoids, 2) the high deaminating capacity of PAL markedly exceeds 
the level required to sustain the formation of polyphenols in most tissues, 3) stimulatory 
action of phenylalanine on polyphenol accumulation when administered externally, 
4) very low and constant levels of free endogenous phenylalanine in plant tissues and, 
5) the existence of a balanced relationship between protein metabolism and the 
formation of flavonoids and cinnamic acid derivatives in plants (Margna, 1977). 
However, this hypothesis that the limiting factor controlling PAL is substrate supply has 
not been substantiated by other workers. 
5.1.3.2 Sub-cellular location and site offlavonoid biosynthesis 
Flavonoid end products are usually accumulated in the large central vacuole, in the cell 
walls or, in some cases, on the external surface of plant organs such as leaves (Strack et 
al., 1989). However, although large quantities of flavonoids accumulate in the vacuole, 
this is not thought to be the site of biosynthesis. It is now thought that flavonoids are 
synthesised on various parts of the endoplasmic reticulum (ER), in spite of the fact that 
some of the enzymes are easily solubilized (e.g. PAL, CHS, cm, F3H, GT), whilst 
others (e.g. C4H, F3'H, F3',51H) are not. Although called "soluble" enzymes, these 
enzymes are only termed "soluble" becau!'ie most homogenisation and fractionation 
procedures destroy cellular organisation (Hrazdina and Wagner, 1985a). In fact, these 
enzymes in vivo interact with each other and with structural components in the ceR such 
as the ER membrane. The "insoluble" C4H, F31H and F31,51H enzymes, which are 
isolated in microsomal fractions, are thought to be located within the ER membrane in 
vivo (Stafford, 1990). Therefore, instead of flavonoid synthesis occuning in the vacuole 
(where most of the flavonoids are found), it is thought that it occurs in the cytoplasm on 
the ER membrane. Hrazdina and Wagner (1985a) and Hrazdina (1992) suggested that 
flavonoid metabolism is facilitated by a multienzyme complex consisting of consecutiv~ly 
assembled, membrane-associated, enzymes (Figm'e 5.6). Hrazdina and Wagner (1985b) 
found that PAL and GT, the first and last enzyme of the flavonoid biosynthetic sequence, 
were located in the lumen of the ER membranes. C4H was found to be membrane 
embedded, whilst the other enzymes appeared to be weakly associated with the 
cytoplasmic face of the ER membranes. Hrazdina and Wagner (1985a) suggested that 
the end products of flavonoid synthesis were accumulated in a membrane enclosed 
vesicle, and these vesicles could then be transported to the central vacuole for internal 
sequestration, or to the plasma membrane for secretion offlavonoids (Figure 5.6). 
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Figure 5.6 Working model of the location of enzymes and biosynthesis of phenyl-
propanoids, flavonoids and anthocyanins. [Adapted from Hrazdina and Wagner, 1985a] 
In the synthesis of an anthocyanin - A, an endoplasmic reticulwn (ER) portion bears an internal 
phenylalanine ammonia-lyase (PAL) - I, that is associated with transmembrane cinnamic acid 4-
hydroxylase (C4H) - 2. C4H channels its product, p-cownaric acid, to the cytoplasmic face of 
the ER where the four consecutive enzymes of the pathway, 4-cownarate:CoA ligase (4CL) - l, 
chalcone synthase (CHS) - 4, chalcone isomerase (CHI) - 5, and flavanone 3-hydroxylase (F3H) -
6, are located. Further transformation of the dihydroflavonol to the anthocyanidin aglycone takes 
place on the two or three membrane embedded oxido-reductases, dihydroflavonol reductase. 
(DHR) - 7, and the proposed enzyme(s) to convert the flavan-3,4-diol to the anthocyanidin - 8 
and 9. The anthocyanidin aglycone is glycosylated by a glycosyltransferase (GT) - 10, that 
resides on the lwnen face of the ER-membrane. In this model, the products are sequestered in 
specific regions of the ER that are destined to form transport vesicles. Glycosylated flavonoids 
and anthocyanins are transported to the central vacuole where they accwnulate. 
Phenylpropanoids and unglycosylated flavonoids may be transported by a similar mechanism to 
the plasma membrane and excreted into cell wall regions, or to the surface of the plant. 
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5.1.3.3 Plant hormones 
The effects of plant honnones on anthocyanin biosynthesis have often been studied using 
tissue-cultured plantlets. Gibberellic acid (GA3) has been found to inhibit the synthesis 
of anthocyanins and other flavonoids in intact plants of Spirodela (Furuya and Thimann, 
1964), and CHS was inhibited in carrot cell suspension cultures (Hinderer et al., 1984). 
Kinetin application caused the increase of de novo synthesised PAL activity in tobacco 
callus, accompanied by accumulation of the coumarins, scopoletin and scopolin (Nagai et 
al., 1994). 2,4-D (an auxin herbicide) inhibited anthocyanin accumulation and mRNA 
synthesis in carrot cell cultures (Hinderer et al., 1984). The effect of these hormones on 
the synthesis of anthocyanins may be important because tuberization in potatoes is also at 
least partially controlled by honnones (Booth, 1963; Cutter, 1978; Moorby, 1978; 
Krauss, 1985; Stallknecht, 1985). 
5.1.4 External regulation of flavonoid biosynthesis 
A number of environmental factors influence flavonoid biosynthesis; these include, light, 
temperature, disease, wounding and nutritional effects (e.g. water and mineral stress). 
Disease and wounding typically increase the production of flavonoids, and have been 
discussed in Chapter 3. Anthocyanin accumulation is generally thought to be stimulated 
by sugars and has been discussed previously in Section 4.1.4. Stress, induced by 
extremes of temperature, water or minerals, also tend to increase the production of 
flavonoids, including anthocyanins, but will ~ot be discussed further here (see Dicosmo 
and Towers (1984) for a review). 
5.1.4.1 Effect of light and photo-regulation 
Light is probably the most important environmental factor detennining anthocyanin 
biosynthesis because, in most systems, little or no anthocyanin is fonned in darkness 
(Grisebach, 1982; Mancinelli, 1985). ill all systems, even in those that can produce 
some pigment in darkness, exposure to light results in a marked enhancement of the rate 
of synthesis and total production of anthocyanins and flavonoids (Hahlbrock et al., 1976; 
Beggs et al., 1986; 1987; McClure, 1986; Brodenfeldt and Mohr, 1988). 
There have been numerous reports of photo-control in a variety of different plants 
(reviewed in McClure, 1975) and, although experimental techniques and light energy 
levels have been highly variable, most of the responses seem to be explicable on the basis 
of four classes of photo-reactions: 1) a red/far-red reversible phytochrome system 
requiling low-energy, 2) a high irradiance response (HIR) which requires IJc11f"2 or 
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more of either far-red or blue light, 3) photosynthetic involvement for precursor or co-
factor production and, 4) complex responses which work indirectly, by such means as 
enhanced growth hormone synthesis (McClure, 1975). 
JOhoto-recejOtors 
'Three photo-receptors are thought to be involved in the regulation of flavonoid 
metabolism: 1) the phytochrome system, 2) the blue/UV-A light photoreceptor, often 
called cryptochrome and, 3) an unidentified UV-B receptor (Stafford, 1990). (UV-A is 
long wavelength UV light between 320nm and 400nm, whereas UV-B is a shorter 
wavelength UV light between 280nm and 320nm). 
1) JOhytochrome 
Phytochrome is a non-globular protein which can undergo photo-transformation to 
absorb maximally at either the red (Pr) or far-red (Pfr) regions of the spectrum, with Pfr 
slowly decaying back to Pr in the dark. 
red light (660nm) 
Pr 
far-red light (730nm) 
Although phytochrome is most well known for its red/far-red response, it also absorbs 
UV-A and blue light (Mancinelli, 1985). Phytochrome is thought to act in some way to 
affect membrane permeability, which could .lead to many metabolic changes, including 
altered gene expression and enzyme induction (McClure, 1975). Bassim and Pecket 
(1975) found that promotion of phytochrome controlled anthocyanin biosynthesis in red 
cabbage seedlings, caused by exposure to red light, was inhibited by the application of 
membrane stabilisers. It was suggested that light activated phytochrome affects the 
permeability of the membrane allowing the substrates required for anthocyanin 
biosynthesis to pass through the membrane. 
2) Other recejOtors 
Very little ,is known about cryptochrome and the UV -B receptor except that 
cryptochrome is thought to be a flavoprotein (Mancinelli et al., 1991). 
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Light responses in plants 
Much research has been carned out to investigate the effects of varying exposures to 
different wavelengths on the biosynthesis of anthocyanins (Duell~Ffaff and Wel1mann, 
1982; Yatsuhashi and Hashimoto, 1985; Arakawa, 1988; Mancinelli et al., 1991). 
Two main responses to light have been found:-
1) small amounts of anthocyanin are formed in response to short light exposures (of 
a few minutes). This type of anthocyanin formation, induced by short light exposures 
(pulses), is thought to be phytochrome mediated and shows red/far~red light reversibility. 
2) the formation of large quantities of anthocyanins in response to prolonged 
inadiation. This type of anthocyanin formation shows a typical IllR with: a) the full 
expression of the response requiring prolonged exposure (hours to days) (29Onm-
750nm), b) the extent of the response being a function of the duration and fluence rate 
of the inadiations and, c) the response does not show red/far-red light reversibility 
(Mancinelli, 1985). These HlR's require UV-A, blue, and/or far-red light, and are 
thought to be mediated by an interaction between phytochrome and cryptochrome. 
However, the type and degree of interaction between these two photo-receptors varies 
significantly depending on the species and experimental conditions (Mancinelli et al., 
1991). 
Mode of action of light induced flavonoid synthesis 
How do these photoreceptor responses affect the activities of enzymes involved in 
flavonoid and anthocyanin biosynthesis? Early experiments (Hahlbrock et al., 1971a; 
1976) showed that madiation ofparsley cell suspension cultures with white light resulted 
in a co-ordinated increase in the activity of the enzymes involved in the flavonoid 
biosynthetic pathway, from phenylalanine to flavone glycosides. Enzymes of the general 
phenylpropanoid pathway (PAL, C4H and 4CL) reached maximal activity about 15h 
after iITadiation. The flavonoid biosynthesis enzymes reached their maximum activity 
several hours later, and it was shown that a number of enzymes not involved in flavonoid 
metabolism showed no response to the light treatment (Hahlbrock et al., 1971a; 1976). 
Later experiments showed that, for the enzymes tested, the changes in enzyme activities 
were caused by changes in activities of the mRNA coding for the enzymes, which was 
caused by increased mRNA levels (Schroder, 1977; Schroder et al., 1979; Gardiner et 
al., 1980; Kreuzaler et al., 1983; Kuhn et al., 1984). It was also demonstrated that, for 
PAL and CHS, these mRNA increases could be attributed to a transient increase in the 
transcription rates of the relevant genes (Chappell and Hahlbrock, 1984). Similar HlR's 
and de novo synthesis of enzymes were also obselVed in: 1) potato disks, where 
illumination triggered accumulation of chlorogenic acid and intenelated increases of PAL 
and C4H activities (Lamb, 1979), 2) pea shoots, where lignogenesis was induced by 
illumination and accompanied by increased activities of PAL, C4H and 4CL (Wilkinson 
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and Butt, 1992), 3) mustard cotyledons, where increases in PAL and CHS activities 
corresponded with anthocyanin and quercetin accumulation (Brodenfeldt and Mohr, 
1988) and, 4) rice seedlings, where anthocyanin content and PAL activities increased 
dramatically after illumination (Reddy et al., 1994). There are also numerous reports of 
the simple phytochrome effects of Short bursts of light and red/far-red reversible 
stimulation of PAL activity, and also in some cases CHS and cm activity (reviewed in 
Beggs et al., 1986). 
Potatoes are one of the few mature plant systems which have been Shown to exhibit these 
responses to light, since most of the other studies have been carried out with tissue-
cultured plantlets, cell suspension cultures or seedlings. Studies using potato tubers have 
focused on the light induced accumulation of chlorogenic acid in tubers (Lamb, 1979; 
Lamb and Merritt, 1979; Griffiths et al., 1995), or the production of anthocyanin in light 
grown potato sprouts as a means ofidentification (Verma et al., 1972; Houwing et al., 
1986). The isolation and characterisation of a cDNA clone encoding potato 
phytochrome has been carried out by Heyer and Gatz (1992). 
UV light, especially UV-B irradiation, can cause impairment or inhibition of plant 
function resulting in the decline of productivity. This is mainly associated with damage 
to DNA, proteins and plant membranes. It is thought that the photo-regulation of 
flavonoid biosynthesis by UV light and photoreceptors is to protect the plant's 
photosynthetic tissues by increasing the production of flavonoids. Flavonoids absorb 
light around 300nm and are generally localised in the upper epidermal tissues, therefore 
acting as screening pigments absorbing hannful UV-B radiation (Tevini et al., 1991; 
Braun and Tevini, 1993; Middleton and Teramura, 1993; Jorgensen, 1994; Strid et al., 
1994). 
5.1.5. Use of minitubers to study flavonoid biosynthesis 
Tissue-cultured minitubers were used in this work to study the effect of light on 
flavonoid and, in particular, anthocyanin biosynthesis in potato tubers. Potato plantlet 
tissue-culture and minituber production are well establiShed techniques and have been 
used in a number of applications:-
1) experimental tools, where plantlets have been used to investigate a number of 
factors including: a) host plant responses to infection and disease processes (Platt and 
Bollen, 1993), b) sucrose and starch metabolism (Zrenner et al., 1995), c) disease 
resistance and generation of genetic variability (Sebastiani et al., 1994), and d) 
tuberization and effect of hormones (Melis and van Staden, 1984). 
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2) routine production of seed tubers, which is important in a) the production of 
disease free seed potatoes for seed certification programmes, b) use as matelial for 
international exchange of germplasm and, c) use for medium tenn conservation of 
potato germplasm (Wang and Hu, 1982; Lizarraga et ai., 1989; Lommen and Stroik:, 
1994; Ranalli et ai., 1994). Methods for the mass production ofminitubers have been 
developed (Akita and Takayama, 1994a and b). 
General conditions for tissue-culture growth and minituber production have been 
established, but these may vary slightly between cultivars. Production of potato plants 
from nodal cuttings is usual1y carned out in a basic solid agar medium containing sucrose 
as a carbon source. This procedure of using nodal cuttings is carned out as follows: 
single stem nodes are excised from the parent plant, smface sterilised if necessary, and 
the base of the stem placed in a suitable solid media which encourages both root and 
shoot growth. To initiate tuberization, these plantlets are then transferred to a basic 
liquid medium with a high sucrose concentration, with the addition of a growth 
promoting cytokinin, usually benzyladenine (BA), and with a growth retardant/inhibitor 
of gibberellin biosynthesis (because gibberellin inhibits tuber formation), typically 
ancymidol, cycocel, paclobutrazol, or tetraclacis (Estrada et al., 1986; Dodds, 1988; 
Harvey et al., 1991; Alchanatis et al., 1994; Vreugdenhil et al., 1994). Hussey and 
Stacey (1984) found that ethylene accumulation in growth containers with sealed covers 
caused stunting of plantlets and inhibition of tuberization; therefore containers with 
unrestricted gaseous exchange should be used. It has also been found that ethylene 
prevents the accumulation of both starch and anthocyanins (Mingo-Castel et al., 1976). 
5.1.6 Objectives 
Experiments in this section were concerned mainly with answering the following related 
questions:-
1) what effect does light have on the biosynthesis of anthocyanins, flavonoids and 
phenolic acids in potato tubers? 
2) why do potato tubers produce anthocyanins in the dark and how is this 
biosynthesis controlled? 
These questions were answered mostly by using tissue-cultut'ed minitubers, so that light 
conditions could be altered easily, and the effects on the production of anthocyanins, 
flavonoids and phenolic acids determined. The change in enzyme activities after light 
exposure was monitored, and related to the production ofthe phenolic compounds. 
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5.2 Materials and methods 
5.2.1 Materials 
Plant Material 
Initial virus-free potato plantlets for tissue-culture (cultivars Amadeus, Bildtstar, Desiree, 
Red King Edward (RKE) and Urenika) were obtained from the NZ Institute for Crop & 
Food Research Ltd, Uncoln. 
Tissue-culture 
Media reagents were obtained from Sigma (USA), except agar which was obtained from 
Davis (NZ). 
Enzyme assays 
L-Phenylalanine, cinnamic acid, NADPH, UDP-galactose, UDP-glucose and UDP-xylose 
were obtained from Sigma (USA). Glucose-6-phosphate and glucose-6-phosphate 
dehydrogenase were obtained from Boehringer Mannheim (Germany). Flavonoid 
standards were obtained from sources as in Section 3.2.1. 
Synthesis of tetrahydroxychalcone 
Naringenin chalcone (21,4,41,61-tetrahydroxychalcone), the substrate for the CHI assay, 
was synthesised from naringenin using the method of Moustafa and Wong (1967), by 
treatment with 50% KOH followed by acidification and recrystallization from aqueous 
ethanol. 
5.2.2 Methods 
5.2.2.1 Tissue-culture and analysis ofminitubers 
Nodal cuttings of existing tissue-cultured potato plantlets of the cultivars Amadeus, 
Bildtstar, Desiree, RKE and Urenika were multiplied in vitro on Murashige and Sko~g 
salts and vitamins (Murashige and Skoog, 1962), plus 30gll sucrose, 40mg/l ascorbic 
acid, SOOmgll casein hydrolysate and 6g1l agar (potato multiplication medium - PMM). 
Tubers were initiated by transferring the plantlets to liquid media containing the same 
constituents, except with the addition of 80gll sucrose (instead of 3 o g/l) , 5mg/l 
benzyladenine (BA) and 2.Smg/l ancymidol, and the omission of agar (tuber initiation 
medium - TIM), following the method of Conner et al. (1991). All media were sterilised 
by autoc1aving at 103kPa for 20min. Cultures were incubated in plastic pottIes (9Omm 
diameter x 60mm high), SOml medium and ten plants per pottle, at 26°C under cool 
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white fluorescent lights (150Watts/m2 (-80l-lmoIlm2/sec» with a l6h photoperiod, unless 
noted otherwise. Cultures were subjected to various light treatments. All plants were 
grown for two weeks in PMM before nine weeks incubation in the TIM. 
Minitubers were too small to be peeled for the measurement of anthocyanins in the skin, 
so the surface area was approximated by an ellipsoid as described in Chapter 4. This was 
appropriate for the measurement of anthocyanin concentrations because no anthocyanins 
were found in the flesh of minitubers, even in Drenika minitubers. However, because the 
flesh also contained flavonoids and phenolic acids (albeit very small concentrations), and 
presumably low activities of enzymes, there was the potential for error to occur in the 
measurement of flavonoid and phenolic acid concentrations and enzyme activities. For 
these reasons, it was not feasible to measure the enzyme activities of minitubers while 
they were developing (and a wide range of sizes were found), nor grown in different light 
treatments as this markedly affected the size of the minituber and it was considered that 
measurement would reflect the changes in the size of tubers rather than actual changes in 
enzyme activities. Accordingly, to overcome these problems, minitubers of a similar size 
were used for all samples for measurement of enzyme activities, with numerous 
minitubers in each sample (20-30). 
Most of the experiments with minitubers were carned out using Desiree plantlets, but 
cultivars Amadeus, Bildtstar, Red King Edward and Drenika were also used for 
comparison. Plantlets were grown either in the light (LG) or dark (DG) for two weeks, 
and then transferred to TIM and kept in either the light (LT) or dark (DT) for nine 
weeks. Other experiments involved the use of light boxes with coloured filters or shade 
cloth to decrease the light intensity. For all experiments, except those using full light, the 
transfer of plantlets to TIM was carned out under green light, using a glass bead 
steriliser instead of a flame for instrument sterilisation (so that there were no other 
sources of light). Minitubers were classified as a "minituber" when they were greater 
than 2mmin diameter. 
5.2.2.2 Extraction and analysis of phenolics 
Phenolics were extracted in 15% acetic acid in methanol (Section 3.3.2), and analysed by 
analytical HPLC (Section 3.3.3.2), o~ by spectrophotometry (Section 4.2.2). 
5.2.2.3 Extraction of enzymes 
Whole minitubers (a total of about 109) were ground to a course powder in liquid N2 
with a mortar and pestle. The powder was extracted with ~50m1 50mM Tris-HCl buffer 
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pH 8, containing 50% (w/w of tuber) washed polyvinyl-polypyrrolidine (PVPP, PolyClar 
AT), ImM phenylmethylsulfonylfluoride (PMSF) and lOmM 2-mercaptoethano~ ground 
further in an llitra Turrax homogeniser, then the homogenate filtered and centrifuged at 
12 OOOg for 10min at 4°C. The supernatant was used as a source of crude enzyme. 
Further purification of enzyme extracts 
Acetone precipitation. To half of the crude enzyme extract, three volumes of cold 
acetone were added sequentially and stirred for 15-20 minutes. The precipitated protein 
was centrifuged at 12 OOOg for IOmin and redissolved in a small volume of extraction 
buffer (5-10ml). All procedures were carried out at 4°C. 
Microsomal preparation. The other half of the crude enzyme extract was used for 
microsome preparation, where 1M MgC12 was added to give a final concentration of 
30mM MgC12 (Diesperger et al., 1974). After thorough mixing, the precipitated 
micro somes were centrifuged at 12 OOOg for lOmin and redissolved in a small volume of 
extraction buffer (2-3ml). All these procedures were carried out at 4°C. 
5.2.2.4 Estimation ofprotein concentration 
Protein was estimated by the dye-binding method of Bradford (1976), using bovine 
serum albumin (BSA) as a standard. Samples were usually diluted five-fold with 50mM 
Tris-HCl buffer pH 8, to give readings in the linear range of the standard curve, which 
was measured each time. 
5.2.2.5 Assay of PAL activity 
PAL activity in the acetone precipitate was assayed by a continuous spectrophotometric 
method. The assay mixture (500111) contained 100mM Tris-HCl buffer pH 8 (250-345 J-ll) 
and acetone precipitated enzyme extract (5-100111), equilibrated in a cuvette at 30°C. 
The reaction was initiated by the addition of 20mglml L-phenylalanine (150111 to give a 
final concentration of 6mglml), and the rate of cinnamic acid production measured by the 
increase in absorbance at 290nm over a 1-2h period, depending on the activity. 
Duplicate assays were performed for each extract, both with and without substrate, at 
three to five concentrations of enzyme extract, to ensure that the assay was measured 
within the linear range of enzyme activity and cinnamic acid absorbance. 
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5.2.2.6 AsslV' ofC4H activity 
Assay of C4H activity was carried out on the microsomal enzyme precipitate. The 500lli 
assay mixture contained 100mM phosphate buffer (Na2HP041KH2P04) pH 7.5, ImM 
dithiothreitol (DTT), ImM NADPH and up to 250111 enzyme extract. The reaction was 
initiated with the addition of 10mM t-cinnamic acid (final concentration ImM) and the 
mixture, in open Eppendorf tubes, was incubated at 30°C for 60min with ftequent 
shaking for aeration. The reaction was stopped by the addition of 50111 acetic acid, and 
tubes were centrifuged at 20 OOOg for 20min to pellet the denatured protein. The 
production of p-coumaric acid was measured by analytical HPLC, for two concentrations 
of the microsomal enzyme extract. 
5.2.2.7 Assay of CHI activity 
CHI activity was measured in a continuous spectrophotometric assay. The assay mixture 
consisted of200mM Tris-HCI buffer pH 7.4 containing 50mM KCN and 10mg/ml BSA 
(total 422. 5 Ill) and 75111 acetone precipitated enzyme extract (diluted ftom 0 to 40 fold, 
dependiug on enzyme activity). The reaction was initiated with the addition of 2.51l1 
10mg/ml naringenin chalcone in 2-ethoxyethanol (Section 2.5.1). Absorbance was 
measured at 380nm for lOmin with the cuvette maintained at 30°C. Control reactions 
contained the assay mixture without enzyme, to account for the spontaneous 
isomerization of the chalcone. The initial rate of disappearance of the chalcone in the 
presence of enzyme was used to estimate CHI activity. All samples were assayed in 
duplicate (includiug control) at three to four concentrations of enzyme, to ensure that 
assays were measured in the linear range of enzyme concentration. Controls without the 
addition of substrate were also carried out. 
5.2.2.8 Assay of reductase (DHR) activity 
This assay measured a double reaction; 1) the activity of DHR and 2) the activity of 
the diol-reductase involved in the synthesis of anthocyanins and flavan-3-ols, by 
adaptation of the methods of Stafford and Lester (1982; 1984; 1985). The reaction 
mixture (500J,t1) contained 50mM Tris-HCI buffer pH 7.5, ImM NADPH, 6mM 
glucose-6-phosphate, 1 unit glucose-6-phosphate dehydrogenase, ImM substrate 
(usually dOHQu) and acetone precipitated enzyme extract (usually 1 00 Ill), and was 
incubated at 30°C for 90min. The reaction was stopped with the addition of 50J,t1 acetic 
acid and centrifuged at 20 OOOg for 20min before analysis by analytical HPLC. 
Chapter 5 Biosynthesis and regulation 208 
5.2.2.9 Assay ofF3H activity 
The reaction mixture (SOO!!I) contained 100mM Tris-HCI buffer pH 7.5, 0.5mM DTT, 
0.2SmM 2-oxoglutarate, O.OSmM ferrous sulphate, SmM sodium ascorbate, O.SmM 
substrate (eriodictyol or naringenin) and SO-7S!!1 acetone precipitated enzyme extract. 
The reaction was initiated by the addition of substrate and incubated at 30°C for 60min. 
The reaction was stopped with SO!!1 acetic acid, centrifuged at 20 OOOg for 20min, and 
the analysis of products was carried out by analytical HPLC. 
5.2.2.10 Assay ofF3'H andF3',5'H activity 
F3'H and F3"S'H are microsomal enzymes, so assays were carried out using the 
microsomal preparations. The SOO!!1 assay mixture, in open Eppendorf tubes, contained 
200mM phosphate buffer (Na2HPOiKH2P04) pH 7.S, O.5mM DTT, O.4mMNADPH, 
0.2mM substrate (p-coumaric acid, naringenin, Km or apigenin) and SO-7Sf.tl enzyme 
extract. The reaction was initiated with the addition of substrate and incubated at 30°C 
for 60min with frequent shaking for aeration. The reaction was stopped with the 
addition of SO!!1 acetic acid, centrifuged at 20 OOOg for 20min, and the products analysed 
by analytical HPLC. 
5.2.2.11 Assay of GT activity 
The 200!!1 reaction mixture contained SOmM Tris-HCI buffer pH 8, 0.2SmM substrate 
(Km, Qu or luteolin), ImM UDP-sugar (glucose, galactose or xylose) and SO-7S!!1 
acetone precipitated enzyme extract, and was incubated for 60min at 30°C. The reaction 
was stopped with the addition of 20!!1 acetic acid, centrifuged at 20 OOOg for 20min, and 
the products analysed by analytical HPLC. 
5.2.2.12 HPLC analysis of enzyme reactions 
Analysis of enzyme assay products by analytical HPLC was carried out by the method 
described in Section 3.3.3.2. 
5.2.2.13 Presentation of results and statistical analysis 
Results for enzyme analyses were presented as a percentage of the highest activity (mmol 
product producedJminlmg protein) for that particular enzyme. Activities were presented 
in this manner rather than actual units, because it enabled the changes of activity of 
different enzymes to be directly compared. Additionally, it was found that enzyme 
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activities were generally a number of times higher in the skin than in the fleSh, but whole 
minitubers (of similar sizes) were used for analysis (with no separation of skin and flesh 
tissues), and it was felt that to report units would be misleading. 
Regression analyses comparing enzyme activities and anthocyanin, flavonoid or phenolic 
acid concentrations were carried out using the computer program CoStat (Berkeley, 
USA). Curves were fitted to the graphs using the polynomial regression analysis in 
CoStat, except for Figures 5.14,5.16,5.18-5.23 where curves were fitted by eye. 
5.3 Preliminary development and evaluation of enzyme assays 
This section is presented to explain the development of the methods used for the enzyme 
assays carried out in this chapter, and also the optimisation and evaluation of these 
methods. A number of chromatographic and spectrophotometric assays were 
investigated for the measurement of enzyme activities because these were quicker and 
cheaper than the HPLC methods. However, in most cases the activity in potato tubers 
was not high enough to use these chromatographic or spectrophotometric methods 
( except PAL and CHI), and the more sensitive HPLC methods were used for all further 
analyses. These other methods are still presented here, even when they were not used 
later, because they may be of use for future research in the assay of plants with higher 
activities of these enzymes. 
5.3.1 Enzyme extraction 
Enzymes were originally extracted in 100mM sodium borate buffer pH 8.8, containing 
2mM DTT and 10mM PMSF. DTT is a stereoselective reducing agent for the disulphide 
bridges in complex molecules and was not sufficient to prevent oxidation and browning 
of the extract. Therefore, PVPP was added to remove the phenolics which act as 
substrates for the enzymatic browning reaction and may also interfere with later enzyme 
assays, and 2-mercaptoethanol (10mM) was added to replace the DTT to prevent 
oxidation and browning of the extract. These additions prevented the browning 
reactions and markedly increased the enzyme activities. The sodium borate buffer was 
replaced with 100mM Tris-HCI buffer pH 8.0, so that one extraction buffer could be 
used for all enzymes. PMSF was retained to inhibit serine proteases (e.g. trypsin and 
chymotrypsin). The combination of PVPP in the extraction buffer, and acetone or 
MgCl2 precipitation produced an enzyme extract which, when checked by HPLC, did not 
contain any phenolics, and contained only a few very early eluting compounds (2-4min) 
which were probably low molecular weight peptides (K.Sutton, pers. comm). Although 
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a lipid solubilising agent (such as Triton X-I 00) is often included in the extraction buffer 
for the extraction of GT (Heinsbroek et al., 1979), it was not included in this case 
because there was no significant increase in GT activity upon its addition, and it 
decreased the activity of some of the other enzymes. Ammonium sulphate precipitation 
was also considered as an alternative to acetone precipitation, but activity for some 
enzymes (particularly Cm) was reduced by this method, probably because of the 
overnight dialysis step required for ammonium sulphate removal, because cm activity 
had a short half-life. 
5.3.2 Purification of microsomes 
C4H and F31H activities were carried out using microsomal extracts, and two methods 
were investigated for the purification of these micro somes. 
1) The ultra centrifugation method, based on the methods of Russell (1971) and 
Buche and Sandermann (1973) where the micro somes were precipitated from the crude 
extract (not the acetone extract) by ultra centrifugation at 100 OOOg for 60min, at 4°C, 
and redissolved in a small volume of extraction buffer. 
2) The MgCl2 precipitation method ofDiesperger et al. (1974), which involved 
the precipitation of micro somes from the crude extract by the addition MgCl2 as in 
Section 5.2.2.3. 
Both these methods were used to precipitate microsomes from a number of samples, and 
the C4H and F3'H activities of the resulting. micro somes (redissolved in a small volume 
of extraction buffer) were assayed as in Section 5.2.2. For both these enzymes the 
highest activity (per mg protein) was shown by micro somes precipitated by the MgCl2 
method, so this method was used for the preparation of micro somes in all further 
experiments. 
5.3.3 Phenylalanine ammonia lyase assay 
PAL activity was measured by a continuous spectrophotometric assay in which the 
production of cinnamic acid was measured by the increased absorbance at 29Onm. The 
calibration curve of cinnamic acid absorbance was linear up to 20J,ig/ml, with a R2 value 
of 99.7%. PAL activity was originally measured in 100mM sodium borate buffer pH 8.8, 
but activity was increased and more stable in 100mM Tris-HC! buffer pH 8.8. To check 
the effect of increasing enzyme concentration on the measured enzyme activity, the 
amount of added enzyme was increased from 25 to 250J,il (Figure 5.7). This showed a 
linear increase in activity up to 200J,il, after which the activity decreased. 
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It was thought initially that this decrease may have been caused by the inhibitor, PAL 
inactivating system (PAL-IS) which has been found in some plant extracts, including 
potato tubers (Zucker, 1968), sunflower leaves (Creasy, 1976), sweet potato tubers 
(Tanaka et al., 1977) and apple skin and leaves (Tan, 1979), and is thought to be a 
proteolytic enzyme (Hanson and Havir, 1981). To determine if this decrease was caused 
by PAL-IS, PAL-IS was extracted and assayed by the method of Tan (1979). Potato 
samples were ground in liquid N2> and 50% PVPP and 100mM MES buffer (PH 5.5) 
were added. The homogenate was centrifuged at 20 OOOg for l5min. Sodium borate 
was added to the supernatant until the pH reached 8.8, and then centrifuged at 5000g for 
IOmin to remove any excess sodium borate which may have remained undissolved. This 
final supernatant, which did not contain PAL activity, was used immediately for assay of 
PAL-IS. This was carried out by the addition of the PAL-IS extract (from potatoes) to 
an enzyme extract from both Camellia flowers (high PAL activity) and potato tubers, 
which was incubated for 15min at 30°C before being assayed for PAL activity. The 
control consisted of only the PAL extract (from Camellia flowers or potato tubers) and 
100mM sodium borate buffer, pH 8.8 . 
............. 100 ~ 0 
............. 
. ~ 80 
> 
t) 60 
crl 
OJ 
E 40 
A 
N 20 c w 
0 
0 50 100 150 200 250 
Amount of enzyme added (Ill) 
Figure 5.7 Effect of enzyme concentration on PAL activity. 
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There was a small, but non-significant, decrease in PAL activity with the addition of 
PAL-IS, and therefore it was decided that, although P AL-IS may be present in small 
quantities in potato tubers, and may have caused the comparative decrease when 250/l1 
was used (Figure 5.7), it was not present in snfficient quantities to warrant measuring 
throughout the following experiments. Also, since only 5 to 100/l1 enzyme extract was 
used for PAL assays, the effect of PAL-IS would be further minimised. 
The effect of altering the phenylalanine concentration was also investigated and it was 
found that increasing phenylalanine concentration resulted in a linear increase in PAL 
activity. The substrate concentration could not be optimised because of the low 
solubility of phenylalanine, so the highest concentration at which phenylalanine remained 
soluble in the stock solution was used (6mg/ml final concentration). 
A calibration curve for cinnamic acid absorbance (not shown) gave a linear relationship 
between cinnamic acid concentration and absorbance at 290nm up to 25/lg/ml, after 
which the curve tailed off. 
During assays, PAL activity tended to Show a slight lag for the first 15min, followed by a 
linear period with a subsequent decrease after 2-3h, therefore rates were usually 
determined from the linear 30-60min period. 
5.3.4 Chalcone isomerase assay 
CHI activity was measured by a continuous spectrophotometric assay in which the 
decrease in absorbance of naringenin chalcone at 380nm was measured. The substrate, 
naringenin chalcone, underwent a bathochromic spectral Shift when alkali was added. 
Because the optimal pH for CHI (PH 7.4) is in the middle of this Shift, the pH of this 
assay must be tightly controlled to avoid absorbance changes caused by changes in pH 
rather than enzyme activity. Additionally, naringenin chalcone was stable in 2-
ethoxyethanol, and in very acidic or basic solutions, but in aqueous solutions at other 
intermediate pHs naringenin chalcone Showed a spontaneous decrease in absorbance at 
380nm This is caused by the non-enzymatic cyclisation of the chalcone and occurs 
maximally between pH 7 and 8 (Figure 5.8). The addition of BSA at a final 
concentration of 10mg/ml markedly reduced the change in absorbance caused by the 
spontaneous decrease of the substrate at pH 7.4 (not Shown). This depression of the 
self-cyclisation ofthe chalcone by the addition ofBSA at pH values between 5.5 and 9.0 
was also Shown by Mol et al. (1985). In this CHI assay the addition of KCN was 
necessary to inhibit the enzyme peroxidase, which can catalyse extremely rapid oxidation 
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of chalcones, and which would otherwise interfere with measurement of CHI activity 
(Boland and Wong, 1976; Wilson and Wong, 1976; Dixon et al., 1982) . 
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Figure 5.8 Effect of pH on tetrahydroxychalcone and CHI activity, 
as measured by absorbance at 380nm. 
For the assay of CHI activity in the following experiments, both BSA and KCN were 
included the assay mixtures to minimise self-cyclisation of the chalcone and to ensure the 
change in absorbance was due solely to CHI activity. Increased enzyme concentrations 
showed a linear relationship with CHI activity (R2=99.5%). CHI was found to be 
moderately unstable, with a ha:U:life of 4-5h, so activity was always measured as soon as 
practicable after it had been extracted, and all procedures were carried out at 4°C, to 
minimise loss of activity. 
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5.3.5 Dihydroflavonol reductase assay 
DHR activity was measured in an assay system containing NADPH and the NADPH-
regenerating system, glucose-6-phosphate and glucose-6-phosphate dehydrogenase. 
Initially, tubers from Red Flesh and Urenika cu1tivars were used as sources of enzyme, 
with dOHQu as the substrate. Leucoanthocyanidin and catechin products were extracted 
from the reaction mixture into ethyl acetate and then assayed by either 1) addition of 
1ml4% (w/v) vanillin in methanol plus 0.5ml conc. HCl, incubation in the dark for 15min 
and the absorbance recorded at 500nm or, 2) the ethyl acetate extract was spotted onto 
a TLC plate, developed in BAW, and compounds detected with 5% vanillin-HCl in 
ethanol, after heating at 90°C for 5-10min. However, no reaction was detected using 
either method. It was thought that this may have been because dOHQu was used as the 
substrate. The expected products of DHR activity using dOHQu were Cy andlor 
catechin, however, Cy was not found in tubers (Chapter 3) (although catechin was 
found), so it was proposed that the tuber DHR could not utilise dOHQu as a substrate. 
To test this hypothesis dOHKm was used as a substrate for Red Flesh extracts (because 
they contained Pg) and dOHMy was used as a substrate for the Urenika extracts 
(because they contained Dp, Pt and Mv). However, these assays also showed no activity 
using the above detection systems, so the reaction was subsequently analysed by 
analytical HPLC, which was more sensitive, and activity was then detected in most 
extracts, using all three substrates. With dOHQu as the substrate, catechin, epicatechin 
and two unknown products were formed, possibly the flavan-3,4-diol (leucocyanidin) 
and a proanthocyanidin, but no anthocYanlns were detected: This may have been 
because there were none fOlmed, or because they polymerised immediately to form a 
proanthocyanidin, or because they were unstable at the neutral pH of the reaction buffer 
and degraded before the mixture was analysed. This meant that it was not possible to 
distinguish between the DHR and diol reductase activities in this assay. This would have 
been possible by supplying the flavan-3,4-diol (leucoanthocyanidin) instead of the 
dihydroflavonol to measure only the diol reductase, but the lack of commercial 
availability meant that this had to be synthesised from the dihydroflavonol (see Stafford 
and Lester (1982) for method), but this was not carried out. Therefore, this ass_ay 
measured total flavonoid reductase activity, that is dihydroflavonol and diol reductases. 
5.3.6 Flavanone and flavonoid hydroxylase assays 
Two F3H reactions were assayed:-
naringenin 
eriodictyol 
dihydrokaempferol 
dihydroquercetin. 
Four F3'H reactions were assayed:~ 
p-coumaric acid 
nanngenm 
kaempferol 
apigenin 
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caffeic acid 
eriodictyol 
quercetin 
luteolin. 
Initially, it was necessary to detennine suitable detection systems, and the following 
experiments were designed to investigate this. Various TLC methods were tested with 
the substrates and the products nul in different solvents (BAW, Foresta~ and 15% acetic 
acid), and sprayed with different spray reagents to ascertain if products and substrates 
could be easily distinguished (Table 5.1). 
Table 5.1 Chromatographic data for flavanone and flavonoid hydroxylase assays. 
(* the most effective solvent(s) for distinguishing substrateS and productP, 
ND = not determined, - no colour). 
SubstrateS I RfForestal RfBAW Rf15% Colour Colour Colour 
productP HOAc UV NA-re:u;ent A1Cl~ 
F3H 
naringenins 90.4 95.5 38.8 purple orange green 
dOHKmP ND ND ND ND ND ND 
eriodictyols 80.1 90.1* 34.1* purple pink yellow 
dOHQuP 75.7 70.7* 1.8* purple orange ND 
F3'H 
p-coumaric acid S 93.4* 95.5 32.2 blue blue -
caffeic acidP 72.8* 82.6 30.0 blue blue 
-
enins 90.4* 95.5 38.8 purple orange green 
eriodictyolP 80.1* 90.1 34.1 purple pink: yellow 
kaempferolS 53.7* 89.4* 2.9 purple orange yellow 
quercetinP 39.0* 70.1* 2.4 purple orange yellow 
apigenins 75.7* 93.9* 3.5 purple orange yellow 
luteolinP 54.4* 83.6* 3.5 yellow orange yellow 
Most of the substrates and products could be separated easily by one or two of the 
solvent systems. NA-reagent proved to be the best spray reagent for the detection of 
compounds, and distinguishing them by their colour reactions. Although these TLC 
methods would, in theory, be able to detennine if a product was formed, the results 
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would not be quantitative. Therefore quantitative methods using the diode-array 
spectrophotometer were investigated. The spectra of the substrates and products (from 
250 to 50Onm) were recorded in methanol only and after the addition ofNA-reagent or 
Ale13, and the results are shown in Table 5.2. 
Table 5.2 Spectral data (Amax values (nm» for flavonoid hydroxylase assays. 
(sh = shoulder, ND = not detennined, n.p. no peak detected between 250-500nm). 
Substrates/ Ivmax values (nm) 
productP Methanol NA-rea ent 5% AlC1i 
FJB 
naringenins 290 324sh 334 310 376sh 
dOHKmP 290 330sh ND ND 
eriodictyols 290 324sh 324 316 376 
dOHQuP 288 324sh 324sh 314 380 
FJ'B 
p-coumaric acids 302sh 310 n.p. 318 
I caffeic aci&' 302sh 322 356 266 322sh 368 
I naringenins 290 324sh 334 310 376sh 
eriodictyolP 290 330sh 330 316 376 
kaempferols 264 324sh 366 318sh 366 426 270 300sh 350 
quercetinP 256 306sh 366 420 470 272 
apigeninS 266 338 312 352 396sh 278 346 382 
luteolinP 254 294sh 348 334sh 446 274 300s11 332sh 
424 
454 
422 
For a method to be able to be used for the measmement of activity, the spectra of the 
two compounds have to be different enough to enable a reading at a particular 
wavelength to have no absorbance for one compound but a significant absorbance for the 
other (ideally at or close to the "'max). That is, for the peaks of the two compounds not 
to significantly overlap. Therefore, the spectra of substrates and products in methanol, 
with and without colour reagents, were observed to determine if any usefhl differences 
between substrate and product spectra existed. The values presented below (in text) 
indicate the wavelength at which there is minimal overlap of spectra, not necessarily the 
"'max values for the compound. From the observation of these spectra it was found that 
p-coumaric acid and caffeic acid could be distinguished in NA-reagent at 356nm and in 
Alel3 at 370nm, Km and Qu in NA-reagent at 480nm and Alel3 at 470nm, and apigenin 
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and luteolin in NA-reagent and AlCl3 both at 450nm, whilst substrates and products from 
the other reactions could not be distinguished by these methods. 
Using these spectrophotometric methods the F3H and F3'H assays were tested using 
Urenika enzyme extracts, and the products extracted in ethyl acetate. From this ethyl 
acetate extract, 50J..tl was added to methanol and the spectrum recorded with and without 
NA-reagent and AlC13; and also part of this extract was analysed by TLC. By the use of 
these spectrophotometric and TLC methods, activity was found to occur only for the 
following two F3'H assays; p-coumaric acid to caffeic acid, and Km to Qu. Analysis by 
HPLC was more sensitive and activity was found for both these reactions, and all the 
other F3'H and F3H reactions tested. Therefore, the determination of F3H and F3'H 
activities was carried out by HPLC in all further experiments. During the course of 
measurement of F3'H activity using Km as a substrate, both Qu and My were found as 
products. This suggested that there was some F3',5'H activity present as well as F3'H 
activity, and that Qu was hydroxylated at the 51-position to form My. Therefore, in the 
calculation of F3'H activity, the concentrations of Qu and My were sunnned to give the 
total product, as this represented the total F3'H activity. F3',5'H activity was not 
presented separately. 
5.3.7 C4H assay 
Initial investigation of C4H activity was based on the spectrophotometric method of 
Lamb and Rubery (1975), and the reaction ,mixture was as described in Chapter 5.2.2. 
For initial experiments, 33,.d 6M-HCI was added to the reaction mixture after incubation, 
and this acidified mixture left to stand for at least lmin to stop the reaction and 
decompose the NADPH Phenolics were extracted twice with 500J.,t1 ethyl acetate and 
then the combined extracts were extracted with 500J.,t1 IM-NaOR The amount of 
p-coumaric acid produced was determined from the absorbance at 33On:m This assay 
was based on the fact that in the presence of alkali, p-coumaric acid has a peak at 330nm, 
not shown by cinnamic acid, so this provides a useful spectrophotometric system to 
measure C4H activity. This peak at 330nm was seen only when p-coumaric acid ~as 
under alkaline conditions. 
The efficiency of extraction of p-coumaric acid with ethyl acetate and diethyl ether were 
compared. When the absorbance of p-coumaric acid was measured there was a greatel' 
than 100% recovery when ethyl acetate was used, whereas when using diethyl ether only 
85% of the p-coumaric acid was recovered. The greater than 100% recovery using ethyl 
acetate was likely to be because of the slightly different absorbance properties of p-
coumaric acid in ethyl acetate, and this was corrected for in the calibration curve. The 
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decomposition of NADPH in acid was confitmed by the complete disappearance of the 
NADPH peak at 330nm after 1min. 
5.3.7.1 Effect of pH on p-coumaric acid spectra 
pH had a marked effect on the spectrum of p-coumaric acid, especially on the peak at 
330nm (Figure 5.9). Absorbance (at 330nm) increased sharply from pH 8 to 11.5 and 
then decreased again at higher pHs (Figure 5.10). Therefore, because the absorbance of 
p-coumaric acid was so pH sensitive, a 0.5M phosphatelNaOH buffer at pH 11.5 was 
used instead of 1M-NaOH which was suggested by Lamb and Rubery (1975). 
A calibration curve for p-coumaric acid absorbance was constructed, where solutions of 
each concentration of p-coumaric acid were acidified, extracted with ethyl acetate and 
then extracted with the pH 11.5 buffer, because the ethyl acetate extraction caused the 
over-estimation of p-coumaric acid. This gave a linear calibration curve with the 
equation ofy = 0.013x, and a R2 value of99.5% (not shown). 
When potato tubers were assayed no activity was detected by this spectrophotometric 
method, even when a number of the reagents and conditions were altered. Therefore, it 
was decided to analyse the reaction by HPLC which was more sensitive, and activity was 
detected in most samples. 
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Figure 5.9 Effect of pH on the absorbance spectrum of p-coumaric acid. 
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5.4 Results 
Tubers of field grown plants were not usually exposed to any light, and yet some 
cultivars produce large quantities of anthocyanin. The absence of light reaching field 
grown tubers in the soil was confirmed with a light meter. This showed that no light 
penetrated through the soil beyond a depth of 2.5mm (Table 5.3), whereas tubers were 
usually found at a depth of 1O-25cm, depending upon the cultivar. 
Table 5.3 Depth of sunlight penetration through soil. 
Depth(mm) Light intensity % of sunlight 
(Wattslm2) 
0 475 100.0 
0.5 80 16.8 
1 8.1 1.71 
2 0.5 0.11 
2.5 and greater 0 0 
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Figlln' 5.11 Ti ss ue-cultured Desir 'e potato pi,lIltiets grown in the light (LG) for two weeks 
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a 
b 
Figure 5.12 Tissue-cultured Desiree plantlets grown in the light for two weeks, followed by 
minituber production a) i.n the light (LGfL T) and b) in the dark (LGIDT) for nine weeks 
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Initially, the effect of light on anthocyanin biosynthesis was tested using mature field 
grown Desiree tubers placed in a growth room under continuous light (150Watts/m2) at 
22°C. Anthocyanin concentration in skin samples increased slightly over a fourteen day 
period, however this may have been caused by the loss of water, because remaining 
tubers were extremely shrivelled. Also, the increased anthocyanin concentration was not 
statistically significant because there was a high variation among tubers. For these 
reasons and those already discussed (Section 5.1.5), minitubers were used to study 
further the effects of light on flavonoid biosynthesis. 
5.4.1 Effect of light on the growth of minitubers 
Desiree plantlets were grown in the light (LG) (Figure 5.11) and dark (DG), and then 
placed into TIM (tuber initiation media) and tubers grown in the light (LT) (Figure 
5.12a) or dark (DT) (Figure 5. 12b) for nine weeks. Additionally, light-grown plantlets 
were placed in TIM in the dark for two weeks and then in the light for the remaining 
seven weeks (LGID2weeksILT), because Hussey and Stacey (1984) found that darkness 
was best for in vitro tuberization. This was confirmed in our experiments with a 17% 
increase in the number of minitubers produced. However, there was a 43% decrease in 
tuber weight, giving a total yield per plant of only 67% of the full light treatment (Table 
5.4), so this treatment of a two week dark incubation was not used in further 
experiments. The best treatment for optimal minituber production (weight per plant) was 
when both plantlets and tubers were grown in the light (LGILT) (Table 5.4). 
Table 5.4 Number and weight of minitubers produced by different light treatments 
(FW = fresh weight). 
Treatment Number of Number of FWper Tuber FW per 
plants tubers/plant tuber (mg) ~t(mg) 
LGILT 80 1.11 470 .7 
DGILT 64 0.56 439 245.8 
LGIDT 69 0.81 271 219.5 
DG/DT 91 0.30 156 46.8 
DGIDG/DT 45 0.07 78 5.5 
LGID2weeeksILT 85 1.30 268 
-
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In general, plantlets grown in the light produced a higher number of tubers, whereas the 
tubers produced in the light had larger tubers, irrespective of whether the plandets were 
grown in the light or dark (Table 5.4). Plantlets grown in the dark for two cycles (i.e. 
plantlets were grown in the dark for two weeks, subcultured and grown in the dark for 
another two weeks) had long thin stems with no, or only rudimentary leaves, and 
produced only the occasional very small minituber. However, if these plants were placed 
in the light they were still viable, and after subculturing in the light, produced normal 
plantlets. 
5.4.2 Effect of nodal position on minituber production 
The effect of the nodal position from which the plantlet originated on the production of 
minitubers was examined using Desiree plantlets. The original plantlets were ent into 
three portions; the top 5-8mm, including one pair of fully expanded leaves and the apical 
meristem (Nl), the second pair of :fully expanded leaves from the top (N2), and the third 
pair of leaves from the top (N3). These nodal explants were grown separately in the 
LGILT treatment as before, and the number, weight and anthocyanin concentration of 
the resulting minitubers was measured. The position of the node from which the plantlet 
was derived affected the number and weight of tubers produced, with plantlets from the 
top nodes having fewer, but larger tubers than those from lower nodes (Table 5.5). 
There was a small difference in anthocyanin concentration, and tubers from higher nodes 
contained higher concentrations of anthocyanin than those from lower nodes, but this 
difference was not significant between adjacent nodes, although there was a significant 
difference between anthocyanin concentrations ofNl and N3 (Table 5.5). Because of 
these differences, only the top two nodes were used to grow plantlets for transfer into 
TIM in all further experiments. 
Table 5,5 Effect of nodal position on minituber and anthocyanin production. 
(a, b = averages with the same letter in a column are not significantly different p < 0.05 
calculated using Duncan's (SNK) test) (FW = fresh weight). 
Node Number of FWper TuberFW Anthocyanin Number of 
tubers/plant tuber (mg) per plant (mg) (ng/cm2SA) tubers used 
Nl l.09a 463a 504a 2.58a 37 
N2 l.13a 388b 438b 2.39a,b 44 
N3 l.35b 266c 539a 2.16b 54 
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5.4.3 Effect of light on flavonoid biosynthesis 
5.4.3.1 Desiree 
The effect of growing Desiree plantlets and minitubers in the light or dark, on the 
concentrations of anthocyanins, flavonoids and phenolic acids is shown in Table 5.6. 
Light grown minitubers (LT) contained twice the concentration of phenolic acids of dark 
grown minitubers (DT). There was no difference in total phenolic concentrations 
between LGIL T and DG/LT nor between LGIDT and DGIDT treatments, therefore it 
appears that the total phenolic concentration was determined by the light conditions 
when the minitubers were forming and was not influenced at all by whether the plantlet 
was grown in the light or dark (Table 5.6). Light grown tubers (LT) contained five times 
the concentration of flavonoids of dark grown tubers (DT) and contained over 
3ng/cm2SA anthocyanin, whereas in dark grown Desiree tubers, no anthocyanin was 
detected by diode-array spectrophotometry or by HPLC. 
Table 5.6 Phenolic concentrations in light and dark treated Desiree minitubers 
(se standard error, SA sUlface area). 
Treatment Anthocyanin se Flavonoid se Phenolic acid se 
ng/cm2SA flg/cm2SA flg/cm2SA 
(lJ.g/gFW) (lJ.g/gFW) 
LG/LT 3.238 0.191 4.869 0.667 86.90 3.49 
(437.8) (100.9) (5.0) (1618.2) (172.4) 
DG/LT 3.552 0.310 5.187 0.225 90.31 4.06 
(479.5) (106.8) (6.9) (1763.8) I (124.1) 
LGIDT 0 0 0.892 0.101 48.76 7.61 
(20.2) (1.8) (929.3) (41.9) 
DGIDT 0 0 1.006 0.209 40.48 5.97 
(24.3) (5.0) (987.6) (136.1) 
The results for anthocyanin concentrations were presented per cm2 of surface area (SA), 
because anthocyanins were found only in the skin, with none detected in the flesh, and 
the weight of the skin could not be determined. (Surfuce area was also used for 
experiments carried out in Chapter 4, see Section 4.1.5). Flavonoids and phenolic acids 
may have been over estimated by the calculation of concentrations per cm2SA because 
these compounds occurred in the flesh as well as in the skin, ahhough phenolic acids in 
the flesh OCCUlTed only at 10% of the level as in the skin, and flavonoids at less than 5%. 
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However, it is thought that this over estimation would be min imal, because the 
concentrations of flavonoids and phenolic acids in tbe flesh were low, pat1icu 1larly in the 
sma'll millitubers with a large urface area to volume ratio . FlavOflOids and phenolic acids 
calculated per gFW showed the same pattern as when calculated per cm:!SA Crable 5.6) 
so resuIts were presented per cm2SA for flavonoids and phenolic acids as well as 
<Inthocyanins in all hl11her expetilllents, so concentrations could be compared directly for 
all three phenolic classes. However, flavonoid and phenolic acid concentration could 
only be directly compared between treatments with similar sized minitubers because the 
propot1ion of skin (SA) to flesh (volume) varied in different sized tubers. 
5. -I. J. _ Other cilltivars 
Simila r ex,])erim ents to thos wilh Desiree plantlets (Section 5.4. 3. 1) were carried out 
with tissue-cultured plant lets of Amad us, Bildtstar, RKE and Urenika to aet a range of 
anthocyanin colours and intensities. Amad us and BiJdtstar tubers were a similar colour 
and int~nsity to Desiree, w hereas RKE tubers were a dark red colour and Urenika tubers 
were a dark purp lelblack co lour (Figure 5. D). 
"'i~\IJ'e 5. J 3 Tissue-cultured Urenika potato pl antl ets g rown 111 the lig ht in PfvlM 
for two .veeks and TIM for nine weeks 
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All minitubers contained anthocyanin only in the skin, and these cultivars showed similar 
patterns to Desiree minitubers, with anthocyanin concentrations higher in light treatments 
than dark treatments (Table 5.7). However, whereas Desiree minitubers produced in the 
dark (DT) contained no detectable anthocyanin, these other cultivars contained some 
anthocyanin, in varying quantities, except for Bildtstar in the dark (DGfDT) treatment 
which did not contain any anthocyanin. Tubers with a high anthocyanin concentration in 
field grown tubers also contained relatively high concentrations in minitubers grown in 
the dark, whilst tubers with low anthocyanin concentrations in field grown tubers 
contained little or no anthocyanin in minitubers grown in the dark (Table 5.7). 
Therefore, Amadeus, Bildtstar and Desiree produced none, to low concentrations of 
anthocyanin in both the light and dark, whilst RKE and Urenika produced higher 
concentrations at both treatments. 
Table 5.7 Anthocyanin production in minitubers of different cultivars in the light and dark 
(se standard error, SA = sutface area, RKE = Red King Edward). 
Cultivar Anthocyanin concentration (ng/cm2SA) 
DGfDT se LG~ LGILT se Amadeus 0.31 0.02 0.25 .08 3.57 0.16 
Bildtstar 0 0 0.13 0.04 2.62 0.12 
Desiree 0 0 0 0 3.23 0.19 
RKE 1.47 0.43 1.43 0.11 10.46 0.25 
Urenika 9.97 1.15 11.02 0.82 27.32 1.31 
5.4.4 Effect of differing light intensities on the biosynthesis of phenolics 
Desiree plantlets were grown for two weeks in light boxes with varying amounts of 
shade cloth (i.e. different light intensities), then transferred to TIM and kept in the same 
light boxes (same shade conditions and light intensities) for nine weeks before analysis of 
minitubers. Anthocyanin concentration showed a curvilinear increase (second order 
polynomial regression R2 98%) from 0 to 3.2ng/cm2SA with increasing light intensities 
(Figure 5. 14a). The increase in the flavonoid concentration was more linear (second 
order polynomial regression R2 = 98%) and showed a fom fold increase with increasing 
light intensities (Figure 5.14b). The phenolic acid concentration doubled, and showed a 
similar curve to that shown by the flavonoid concentration (second order polynomial 
regression R2 = 96%) (Figure 5. 14c), with increasing light intensities. 
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Figure 5.14 Effect of light on the concentrations of a) anthocyanins, b) flavonoids and 
c) phenolic acids. Error bars represent ± 1 standard error. 
5.4.5 Effect of light at different wavelengths on anthocyanin biosynthesis 
Desiree plantlets were grown in light boxes, as before (Section 5.4.4), except that 
coloured filters (or lamps for UV and far-red) were used to provide UV, purple, blue, 
yellow, red, far red, dark and white light treatments. Plants grown in the dark, UV, red 
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and far red light were etiolated and produced small minitubers, whilst plants grown in the 
other treatments looked similar to plants grown in the light. The effect of these light 
treatments on anthocyanin concentration is shown in Figure 5.15, with the anthocyanin 
concentration increasing with increasing wavelength, up to yellow light with the highest 
concentration of anthocyanin, before decreasing at higher wavelengths. However, it was 
found that these differences were not due entirely to the different wavelengths of light, 
because the total amount of light that these filters allowed into the light boxes varied 
considerably. Figure 5.16 shows the anthocyanin production from the minitubers grown 
under different wavelengths of light, compared with the anthocyanin production at 
different light intensities due to reduced light under shade cloth (Figure 5. 14a). Purple, 
and especially blue and red light increased production of anthocyanin in minitubers 
compared with white light of the same intensity, whereas anthocyanin production in 
yellow light was the same as in white light of the same intensity. Although it was not 
carried out, it would also be interesting to compare anthocyanin production at the same 
intensity for each wavelength . 
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Figure 5.15 Effect of coloured light filters on anthocyanin concentration in Desiree minitubers. 
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Figure 5.16 Increased anthocyanin production in minitubers grown in red, blue and purple light. 
Error bars represent ± 1 standard error. 
5.4.6 Effect of length of light exposure on anthocyanin biosynthesis 
Minitubers of Desiree were grown in a LG/DT treatment and, after nine weeks in the 
dark, exposed to light for varying lengths of time from 5min to 2 weeks, then the tubers 
stored in the dark for the remainder of the two week period, before analysis of 
anthocyanin concentrations. The anthocyanin concentration appeared to be linearly 
related to the length of exposure time of the minitubers to light, with increasing 
anthocyanin concentrations at increased exposure times (Figure 5.17, inset). However, 
when time was plotted on a logarithmic scale to expand the lower values (5min to 24h), 
it was found that a significant increase in anthocyanin concentration occurred only after 
8h of exposure to light (Figure 5.17). 
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Figure 5.17 Effect of the length of light exposure on anthocyanin concentration. 
Tubers were grown in the dark (LGIDT) before being exposed to light for varying lengths 
of time and then stored in the dark for the remainder of two weeks. 
Error bars represent ± 1 standard error. 
5.4.7 Effect of light on enzyme activities and biosynthesis of phenolics 
To detennine the effect of light on anthocyanin, flavonoid and phenolic acid biosynthesis 
and enzyme activities, Desiree minitubers were grown in the LGIDT treatment. After 
nine weeks the pottIes were placed in the light, and samples of 20-30 minitubers were 
taken at intervals over up to four weeks for assay of both phenolic concentrations and 
enzyme activities. Anthocyanin concentration increased linearly up to about ten days, 
Chapter 5 Biosynthesis and reguJation 231 
and then remained at the same level of about 3ng/cm2SA (Figure 5.18a). Flavonoid 
concentrations and phenolic acid concentrations also increased linearly, but had reached 
a maximum around four to five days (Figure 5.18b and c). 
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Figure 5.18 Effect oflight exposure on concentrations of a) anthocyanins, b) flavonoids 
and c) phenolic acids. Minitubers were grown in the dark (LGfDT) for nine weeks before 
being exposed to light. Error bars represent ± 1 standard error. 
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PAL activity increased sharply to a maximum twenty hours after exposure to light and 
then decreased slowly (Figure 5.19), whilst CHI activity initially had no detectable 
activity before exposure to light, but subsequently increased to a maximum at about 
eleven days, before decreasing to zero again at twenty five days after the onset of light 
exposure (Figure 5.19). 
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II Phenylalanine ammonia-lyase 
o Chalcone isomerase 
Figure 5.19 Phenylalanine ammonia-lyase (1?AL) and chalcone isomerase (CHI) activities 
in minitubers following exposure to light. Minitubers were grown in the dark (LGIDT) 
for nine weeks before light exposure. 
The other enzyme activities were only measured over a fifteen day period. 
Both C4H and DHR showed no detectable activity before exposure to light, and then 
showed a small lag period, after which C4H increased to a maximum at about nine days 
and subsequently decreased, whereas DHR continued to increase over the two week 
period (Figure 5.20). 
Initially F3H activities were low, but activities with both substrates (naringenin and 
eriodictyol) increased upon exposure to light, reaching a maximum at about nine days, 
before decreasing (Figure 5.21). Activity with eriodictyol was typically higher than that 
with naringenin, and at maximum activity for both substrates (nine days), activity with 
naringenin was only 38% of that with eriodictyol (Figure 5.21). 
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Figure 5.20 Cinnamic acid 4-hydroxylase (C4H) and dihydroflavonol reductase (OER) 
activities in minitubers following exposure to light. Minitubers were grown in the 
dark (LG/DT) for nine weeks before light exposure. 
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Figure 5.21 Flavanone 3-hydroxylase activity (F3H) (with naringenin or eriodictyol as 
substrates) in minitubers following exposure to light. Minitubers were grown in the 
dark (LG/DT) for nine weeks before light exposure. 
Chapter 5 Biosynthesis and regulation 234 
Activities of F3'H were initially low, but then showed variable increases depending on 
substrate (Figure 5.22). After two weeks of light exposure, activity with naringenin and 
p-coumaric acid was high, whilst activity with Km was low, and even lower with 
apigenin (Figure 5.22). 
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Figure 5.22 Flavonoid 31-hydroxylase (F31H) activity (with p-coumaric acid, naringenin, 
kaempferol (Km) or apigenin as substrates) in rninitubers following exposure to light. 
Minitubers were grown in the dark (LGIDT) for nine weeks before light exposure. 
GT activity increased after exposure to light, but not to the same extent as for other 
enzymes (Figure 5.23). High background levels of GT were found (before light 
exposure), especially with Km and UDP-glucose, and also Qu and UDP-glucose as 
substrates. UDP-glucose was the best sugar substrate, with UDP-galactose having 
between 40-80% of this activity, depending on the flavonoid substrate (Figure 5.23). 
The highest activity was found with Km and UDP-glucose as substrates, whereas 
activities with Qu and UDP-glucose, Km and UDP-galactose, and Qu and UDP-
galactose as substrates were about 50% of the activity with Km and UDP-glucose. 
Luteolin showed low activtty with both these sugars (Figure 5.23). 
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Figure 5.23 Glycosyltransferase (GT) activity in minitubers following exposure to light. 
a) UDP-glucose or b) UDP-galactose as the sugar substrates, each with 
kaempferol (Km), quercetin (Qu) or luteolin as the flavonoid substrates. 
Minitubers were grown in the dark (LG/DT) for nine weeks before light exposure. 
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Figure 5.24 Examples of a) Desiree and b) Red King Edward (RKE) minitubers showing 
the development of anthocyanin colour from the stem end, after exposure to light 
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5.4.8 Distribution of anthocyanin within the minituber 
Minitubers were grown in LGIDT treatment and then exposed to light as in Section 
5.4.7. The anthocyanin began to fonn from the stem end first, then was gradually 
synthesised towards the bud end. This can be seen for examples of a Desiree (Figure 
5.24a) and the more intensely coloured RKE minituber (Figure 5.24b). Additionally, 
experiments were carried out where the white Desiree minitubers, grown in the LGIDT 
treatment, were removed from the plantlets and incubated in the light. There was a much 
lower production of anthocyanin than in the tubers which remained attached to the 
plantlets, for the same time period. In unattached minitubers, the anthocyanin fOlmed 
was visible mostly on the top side of the minituber (which was exposed to the light), with 
no apparent difference between the stem and bud end. Unfortunately, these minitubers 
began to dry out within a few days, because of the high surface area to volume ratio, so 
observations were limited to this short time period. 
5.4.9 Covering minitubers with foil covers 
This experiment was designed to simulate, as closely as possible, the field grown tuber 
light regime, with the tubers in the dark and the leaves in the light, to determine whether 
exposure of the leaves (but not the tubers) to light increased anthocyanin, flavonoid and 
phenolic acid biosynthesis. This was complicated by the fact that minitubers were often 
produced on the stems, amongst the leaves. 
Minitubers from Desiree plantlets were grown up in the LGIDT treatment and then (after 
the LGIDT treatment) individual minitubers were wrapped in sterile aluminium foil, to 
exclude all light from reaching the minituber. On some plantlets, tubers were left 
uncovered as controls. Plantlets were incubated in the light for three weeks, and the 
concentrations of anthocyanins, flavonoids and phenolic acids in minitubers measured 
before light incubation (time 0), and after two and three weeks of light incubation. 
Before light incubation, no anthocyanins were found in the minitubers (Figure 5.25a). 
-
After two weeks of light exposure the anthocyanin concentration in the light exposed 
minitubers had reached 3.5ng/cm2SA and there was no further increase found in the light 
exposed tubers by three weeks (Figure 5.25a). Therefore, by two weeks of light 
incubation the anthocyanin concentration had reached a maximum, as was found in light 
exposed minitubers described in Section 5.4.7. In the foil covered minitubers, after 
exposing the plant to light for two weeks, the anthocyanin concentration had increased 
from no anthocyanin to 40% of this maximum level (of light exposed minitubers). By 
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three weeks, the anthocyanin concentration in the covered minitubers had reached almost 
90% of the maximum found in light exposed minitubers (Figure 5.25a). 
o 
Foil covered Ug ht exposed 
Time 0 2 3 2 3 
(weeks) 
Light treatment 
Figure 5.25 Concentration of a) anthocyanins, b) flavonoids and c) phenolic acids found in 
dark grown minitubers, before (time = 0) and after exposure to light (2 and 3 weeks) with the 
minitubers covered or not covered with foil. Error bars represent ± 1 standard error. 
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Flavonoids were found at low concentrations (1.5ng/c~SA) in the minitubers before 
light exposure (Figure 5.25b). After light exposure, the flavonoid concentration in the 
light exposed tubers had increased over four times to 6.3ng/c~SA, and by three weeks, 
increased further to 7.7ngc~/SA (Figure 5.25b). In the covered minitubers the 
flavonoid concentration doubled in the first two weeks, to 3.lng/cm2SA, and then 
increased again in the next week to 4.3ng/cm2S~ three times the initial (time 0) 
concentration (Figure 5.25b). However, after three weeks the flavonoid concentration of 
the foil covered minitubers after light exposure was still less than 60% of the flavonoid 
concentration in light exposed minitubers. 
The phenolic acid concentration of minitubers before light exposure was 4lng/c~SA, 
which increased to about 95ng/cm2SA after light exposure (two or three weeks) (Figure 
5.25c). Although there appeared to be a small increase in the concentration of phenolic 
acids in foil covered minitubers after exposure of the plantlet to light (from 4Ong/c~SA 
to 52ng/cm2SA), this increase was not significant (Figure 5.25c). 
5.4.10 Grafted potatoes 
Grafts were carried out with potato plants grown in plastic bags in glass houses at the 
NZ Institute for Crop & Food Research Ltd, Lincoln, and with the assistance ofMs Jill 
Reader. Scions (photosynthetic portions) from cuhivars with red/pink tubers were 
grafted onto rootstocks from cultivars with white tubers, to determine whether the tops 
from cultivars with coloured tubers had any control over the colour of white tubers, and 
vice versa. 'Rootstocks' included the fibrous root system, and may have also included 
some rhizomes, although grafting was carried out before tubers were initiated. For each 
graft, the bag and complete rootstock tissue to above the graft union was covered with 
aluminium foil to prevent any light from reaching the rootstock. This was to ensure that 
all photosynthetic products and any other light induced signals (e. g. phytohormones) to 
the root stock tubers came from the scion. The grafts are listed in Table 5.8. 
Table 5.8 Grafts carried out between red and white potato plants. 
Rootstock Colour Scion Colour Resultant tuber colour 
llamHardy white Desiree pink/red white 
Iwa white Desiree pink/red white 
Rua white Desiree pink/red white 
Rua white Red Rascal pink/red white 
Iwa white Red Rascal pink/red white 
Desiree pink/red llamHardy white pink/red 
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Tubers were harvested 56 days after grafting. Anthocyanins were extracted separately 
from every tuber from each plant, by taking approximately 2g of skin tissue from each 
tuber. Extracts were aualysed by diode-array spectrophotometry aud HPLC. Tubers 
from white rootstocks contained no detectable authocyanins, whereas the tubers from the 
Desiree rootstock showed no chauge from typical Desiree anthocyanin concentrations 
(Table 5.8). Therefore, the authocyanin colour appeared to be detennined by the 
rootstock, aud grafting a red top onto a white rootstock had no effect on the authocyanin 
production in the tubers of auy of the cultivars with white tubers. 
5.5 Discussion 
5.5.1 Techniques 
A number of methods were investigated aud optimised for the analysis of enzyme 
activities. Although attempts were made to use simple spectrophotometric assays for 
most of these enzymes, this was only possible for PAL aud cm. The other enzymes 
were all assayed by aualytical HPLC. This had a greater sensitivity and enabled the 
substrates aud different products to be distinguished, aud their identity confirmed to 
ensure the correct reaction was being measured. Although microsomal extracts were 
used for the assay of C4H aud F31H activities, some activity could also be detected in the 
crude acetone enzyme extract, but was at much lower levels. This confinns that C4H 
and F31H are found in the membraue fraction, as previously reported (reviewed in 
Stafford 1990). Enzyme activities from minitubers tended to be quite low. It is 
hypothesised that this was because the whole tuber was used for enzyme extraction, 
whereas the phenolic products aud enzyme activities were generally significautly higher 
in the skin (Chapter 3). Enzyme activities were calculated per mg protein, aud therefore 
the inclusion of the flesh for the extracts would meau that all the other proteins (e.g. 
enzymes involved in carbohydrate metabolism, aud storage proteins, such as patatin) 
would also have been extracted. 
The measurement of the amount of light penetrating the soil showed that normal tubers 
grown in the field were not exposed to auy direct light. Although the increase in 
authocyanin was not significaut in mature Desiree tubers exposed to light, Brown and 
Riley (1976) found that after exposure of mature tubers to light, only one of the 29 
cultivars with "white" skinned tubers tested failed to develop authocyanin pigmentation 
in the tuber skin. It has been shown that most flowers aud fruits require light for 
authocyanin biosynthesis, aud in almost all plauts which have been investigated, 
flavonoids accumulated rapidly after exposure to light (Hahlbrock et aI., 1976; 
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Grisebach, 1982; Mancinelli, 1985; Beggs et ai., 1986; 1987; McClure, 1986; 
Brodenfeldt and Mohr, 1988). So why do the oodergroood tubers which develop in the 
dark produce anthocyanin? 
Tissue-cultured minitubers were used as a tool to investigate the effects of light on 
anthocyanin, flavonoid and phenolic acid biosynthesis in potatoes. The use of such 
minitubers has a number of advantages over the use of field grown tubers. The main 
advantages were 1) that control of the environmental conditions was easier because of 
the small size of the plantlets, and minitubers attached to the growing plants were easily 
exposed to different light regimes and, 2) the variation between tubers was reduced. 
This was especially important because field grown tubers were fOood to be very variable 
in factors such as colour, phenolic concentrations and enzyme activities. Minitubers had 
reduced variation because microbial interactions were avoided by culture ooder axenic 
conditions, the effect of nutrients was consistent, and seasonal variations and other 
environmental variations were avoided. In most cases a single genotype was studied 
because subcultured plantlets were all descended from one parent plant (although this is 
also the case in field grown cultivars because they are vegetatively propagated as clones). 
Other advantages of using minitubers were that plantlets were quicker to grow and 
produce tubers than field grown plants (three months instead of at least six months) and 
plantlets could be grown continuously all year roood. Disadvantages included the 
possibility of altered regulation caused by an unnatural habitat. The minitubers were 
grown at about one third the intensity offull sunlight, however even at this light intensity 
the amooot of anthocyanin produced appeared to be reaching a plateau (Figure 5.14), 
and it is Wllikely that higher light intensities would have significantly increased the 
concentration of anthocyanins produced. 
For these minitubers, the concentrations of phenolic acids, flavonoids, and particularly 
anthocyanins were best presented as nglcm2SA rather than IJglgFW. This was because 
the minitubers were too small to be peeled and because the skin and flesh could not be 
separated, whole minitubers were analysed. This was especially useful for anthocyanins 
because, in the minitubers of all cu1tivars studied, anthocyanin was present only in the 
skin, with none fOood in the flesh. Flavonoids and phenolic acids were fOood in the fleSh 
as well as the skin, although because such low concentrations were foood in the flesh, 
these were probably insignificant in the small minitubers used because of the large SA to 
volume ratio. 
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5.5.2 Regulation: transport of "trigger" or carbohydrate? 
The original nodal position of the explant affected not only the size of minitubers 
produced, but also the amount of anthocyanin synthesised in the minituber. Plants from 
higher nodes (closer to the apical meristem) produced fewer, larger minitubers with 
higher concentrations of anthocyanin (Table 5.4). It was thought that this greater 
amount of anthocyanin in minitubers from higher nodes maybe directly related to the size 
of the minitubers. This is because it was found previously (Chapter 4) that there was a 
good correlation between tuber size and anthocyanin concentration. The higher 
anthocyanin concentration and larger minitubers from the top node (Nl) may have been 
because of the growth aspects of the explant. The top nodal cutting already contained an 
apical meristem and a number of unexpanded leaf pairs, and thus, the structure of the 
growing explant was already formed and only had to expand. The lower nodes of the 
original plantlet (N2 and N3) consisted of only one leaf pair, and grew a new plantlet 
from the axillary bud. Differences in anthocyanin concentrations may be related to 
carbohydrate metabolism and competition for carbohydrates. This is because the top 
nodal cutting had a greater FW and was more likely to contain higher reserves of 
carbohydrate, surplus from primary growth, and therefore available for secondary 
metabolism To confirm this hypothesis it would have been useful to measure the levels 
of carbohydrate in each of the nodal cuttings. However, because this work was canied 
out towards the end of this thesis, time did not permit this investigation. 
After two weeks growth, nodes towards the top of the plantlet produced a higher total 
tuber weight per plant, suggesting that more carbohydrate was available for tuber growth 
(and anthocyanin biosynthesis), rather than having to be used in the growth of the new 
stem and leaves. Additionally, Creasy (1968) found that photosynthesis and 
carbohydrate metabolism were extremely important in controlling the synthesis of 
anthocyanins in strawberry leaf disks. However, in the work canied out in this thesis, an 
exogenous somce of carbohydrate (sucrose) was supplied in the medium, so it is not 
likely that carbohydrates were limiting. Research into the carbohydrate metabolism of 
tissue-cultured plantlets has shown that some plants have very low levels of 
photosynthesis, and that active growth is dependent on the exogenously supplied carbon 
source (reviewed in Conner and Thomas, 1981; Donnelly et al., 1984). Therefore, this 
points to the involvement of some other "trigger" compound being produced by the 
apical tissues or leaves, to regulate anthocyanin biosynthesis, rather than carbohydrate 
from photosynthesis. This aspect obviously needs further investigation, but was outside 
the scope of this study. 
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Most of the experiments using minitubers were carned out with the cultivar Desiree. It 
was found that a two week dark incubation period immediately after the plantlets were 
transferred to TIM (tuber initiation media), before returning the plantlets to the light, 
increased the number of minitubers. However, a large decrease (43%) in individual tuber 
weight was observed, with the total tuber weight decrease of33% per plant (Table 5.5). 
For this cultivar it was found that plantlets grew successfully for two weeks in the dark, 
and after transfer to TIM were capable of further growth in the dark for nine weeks and 
production of minitubers (because of the availability of the external carbohydrate 
source). In general, the amount of light present while the plantlets were growing in 
PMM (potato multiplication media) determined the number of minitubers formed, whilst 
the intensity of light present while the minitubers were developing in TIM determined the 
average weight of each minituber. Additionally, light conditions during the growth the 
plantlet in PMM had no effect on the concentration of anthocyanins, flavonoids or 
phenolic acids; only the light conditions while the minituber was growing (in TIM) were 
important. 
Desiree minitubers grown in the dark did not contain any anthocyanins. At first this was 
surprising because field grown Desiree tubers (under ground in the dark) produced large 
quantities of anthocyanin. Reasons for the complete lack of anthocyanin biosynthesis in 
the dark grown Desiree minitubers appeared to be that the plants do require light for 
anthocyanin production in the tubers. That is, although the tubers do not require direct 
light, it is proposed that the photosynthetic parts of the plant must be exposed to light for 
anthocyanin biosynthesis to occur in tubers. This could be for two reasons 1) the 
exposure of the aerial parts of the plant to light induces the production of some IItriggerll 
molecule (perhaps a hormone or co-factor) which is transported down to the tubers to 
initiate anthocyanin biosynthesis and/or, 2) anthocyanin biosynthesis may be associated 
closely with carbohydrate metabolism, in that plants in the dark do not photo synthesise. 
Therefore, there is a lack of carbohydrates for plantlet and minituber growth and 
carbohydrate is diverted towards the primary pathways at the expense of secondary 
metabolism, such as anthocyanin biosynthesis. 
Presumably, other parts of the flavonoid pathway (other than the anthocyanin branch) 
were active in dark grown minitubers, because low concentrations of flavonoids were 
found in minitubers grown in the dark. However, flow through these flavonoid pathways 
was also increased in the light, and light grown minitubers contained three times the 
concentrations of flavonoids, compared with the dark grown minitubers (Table 5.6). 
Dark grown minitubers also contained moderate concentrations of phenolic acids and, 
although these also increased in the light, the increase was much smaller (increased by 
30% in the light). Therefore, although the exposure of the minitubers to light increased 
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the biosynthesis of all these phenolic classes (phenolic acids, flavonoids and 
anthocyanins) the magnitude was vastly different. This suggests either 1) that the 
precursor is used up in the earlier parts of the pathway (i.e. phenolic acid production) 
and/or, 2) that different control mechanisms exist for the biosynthesis of phenolic acids, 
flavonoids and anthocyanins. The latter is supported by the fact that the anthocyanin 
pathway was completely inactive in the dark (in Desiree minitubers), whereas the other 
two pathways (to produce phenolic acids and the other flavonoids) showed at least some 
activity Gudged by the appearance of end products). Thus, the anthocyanin pathway was 
inactive, but the flavanones (eriodictyol and naringenin) and the flavan-3-01 (catechln) 
were found in dark grown minitubers. Therefore, the phenylpropanoid pathway 
producing the flavonoid precursors was active. Additionally, the branch of the flavonoid 
pathway producing catechln was also active, which suggests that naringenin and 
eriodictyol intermediates were converted into catechln instead of anthocyanins (Figure 
5.4). 
The total lack of anthocyanin production in dark grown Desiree minitubers was 
surprising. Therefore, similar experiments were carried out with tissue-cultured plandets 
from other cultivars (Amadeus, Bildtstar, RKE and Urenika). The two light pink 
cultivars (Amadeus and Bildtstar), which contained a similar concentration of 
anthocyanins to Desiree in the light, also showed very lillie, or no anthocyanin 
production by minitubers in the dark. However, cultivars with higher concentrations of 
anthocyanin in the light (RKE, three times, and Urenika, nine times the concentration of 
anthocyanin found in Desiree tubers) showe~ appreciable quantities of anthocyanin in the 
dark, although production in the light was still three to seven times higher than the 
production in the dark (Table 5.7). These results showed that anthocyanin production 
was possible in minitubers in the complete absence of light (over the whole plant). 
However, to rule out stored metabolites or "trigger" compounds left in the initial explant, 
an attempt was made to subculture the plantlet twice in the dark (in PMM) before 
transfer to TIM, but this proved to be unsuccessful because these plantlets did not 
produce minitubers. These results show the problems associated with this study because 
three processes, tuber initiation and growth, carbohydrate metabolism and secondary 
metabolism, all interact and it is difficult to separate effects of these individual processes. 
The amount of anthocyanin produced in the dark was related to the anthocyanin 
producing capacity of the cultivar. It is possible that very small quantities of anthocyanin 
existed in Desiree minitubers grown in the dark, but were not detected. However, both 
diode-alTay spectrophotometric and HPLC methods were used in the attempt to detect 
any anthocyanin, and samples were concentrated as much as practicable, so this is not 
likely. 
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By covering the minitubers with foil, the effect of exposing stems and leaves to light, on 
anthocyanin, flavonoid and phenolic acid biosynthesis in tubers developing in the dark 
could be detennined, and the effect of transported carbohydrates or a "trigger" 
compound investigated further. The anthocyanin concentration ofminitubers in the light 
had increased to a maximum after two weeks, whereas in the covered minitubers the 
anthocyanin concentration increased from 0 to 40% of this maximum in two weeks, and 
increased further to 90% of the maximum after three weeks. Therefore, exposure of the 
photosynthetic tissues caused increased synthesis of anthocyanin in the minitubers, even 
though the actual minituber tissue was not exposed to light. These results also suggested 
that some compound is transported from the leaves to the tubers enabling anthocyanin 
production. 
In these experiments with foil covered minitubers, the biosynthesis of the flavonoids 
(other than anthocyanins) showed a similar pattern to the anthocyanin biosynthesis. 
However, this was to a lesser extent, with the flavonoid concentration of foil covered 
minitubers increasing from 20 to 60% of that of minitubers grown in the light for three 
weeks. This suggests that the control of the flavonoid metabolism following exposure to 
light preferentially involves the use of flavonoid intermediates (naringenin-chalcone and 
naringenin) in anthocyanin biosynthesis, rather than along the other flavonoid pathways 
to produce flavones or flavonols. 
The phenolic acid concentration increased two to three times in the light exposed 
minitubers, but there was no significant change in the phenolic acid concentration in the 
foil covered minitubers. This suggests that either the enzymes, or the synthesis of the 
enzymes, involved in the conversion of cinnamic acid and p-coumaric acid to other 
phenolic acids are not increased by exposure of the leaves to light. Alternatively, these 
enzyme activities are increased, but all phenolic intermediates are conve1ted into 
flavonoids and anthocyanins, which appears to be most likely. Further investigation into 
whether these intermediates were used preferentially in anthocyanin biosynthesis would 
have been useful, but there was not time to carry out this work during the time frame of 
this PhD. 
The formation of anthocyanins and flavonoids in foil covered minitubers took place over 
a longer time than in those minitubers which were directly exposed to light, perhaps 
indicating the longer time for transport of effector molecules. It is interesting that the 
anthocyanin concentration in covered minitubers reached almost the same levels as in 
light exposed tubers (and may have done if they were left for a longer time). This 
suggests that this cuhivar (Desiree) has a certain threshold, or maximum limit, of 
anthocyanin production for a given light intensity, independent of whether the whole 
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plant, including the minituber, or only the leaves, are exposed to light. Further work on 
this system, including the measurement of phenolics over a longer time frame to 
determine their equilibrium concentrations, and measurement of enzyme levels and 
activities, mRNA levels, and residual carbohydrate levels, would be useful in answeling 
some of these questions. It would also be useful to alter the levels of carbohydrate 
present in the medium, and to measure the effects of including different hormones at 
various concentrations (after the minitubers were formed so as not to affect tuberization) 
on the anthocyanin concentration in minitubers, in the dark and light. 
The distribution of anthocyanin in the minitubers showed the same pattern as that of 
small, developing field grown tubers (Chapter 4), with the anthocyanin being produced 
initially at the end closest to the stem It was interesting to note that minitubers removed 
from the plantlet had less anthocyanin than those still attached under similar light 
conditions, and that the production of anthocyanin was not noticeably different between 
the stem and bud ends of these unattached minitubers (Section 5.4.8). These 
observations also indicate that the transport of some molecule(s) from the aerial parts of 
the plant is an important determinant of anthocyanin biosynthesis. It is also clear that the 
production of anthocyanin in the minitubers is influenced by the effect of light on the 
aerial parts of the plant more strongly than the effect of light on the tubers themselves. 
This is because minitubers attached to the plant, but covered with foil (i.e. in the dark), 
showed a greater increase in anthocyanin concentration than tubers themselves in the 
light, but not attached to the plant. 
To investigate further the hypothesis of the transport of some molecule from the aerial 
parts of the plant to the tuber as a "trigger" for anthocyanin biosynthesis, potato grafts 
between cultivars with red and white tubers were used. Scions from cultivars with red 
tubers were grafted onto rootstocks from cultivars with white tubers to see if the 
transport of any molecule from the "red top" would induce anthocyanin biosynthesis in 
the "white tubersl/. However, this did not occur and the "white tubers" remained white. 
Furthermore, scions from a cultivar producing white tubers were grafted onto rootstock 
from a cultivar with red tubers, and the anthocyanin production remained the same. 
Inferences that can be made from these results are 1) that if a compound is transported 
from the shoots which is necessary to initiate anthocyanin biosynthesis, it is produced in 
both white and red genotypes and, 2) the tuber must be genetically competent to 
produce the anthocyanin biosynthetic enzymes, and it is not the lack of substrate or some 
"trigger" compound which is preventing the production of anthocyanins in white tubers. 
That is, the initiation of anthocyanin production is controlled in the tuber, not in the 
shoot, even though an effector molecule from the shoot may be required. 
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5.5.3 Effect of light 
It has been found that. exposing the dark grown minitubers to light increased the 
production of anthocyanins: but how much light is needed, for what length of time and 
what light receptors and responses are involved? To answer some of these questions 
Desiree minitubers were grown in the dark (LGIDT), exposed to various lengths of time 
in the light, then incubated in the dark for the remainder of a two week period to allow 
time for anthocyanin production. A significant increase in anthocyanin concentration 
occurred after eight hours of light incubation (Figure 5.17). Shorter times did not result 
in significant increases in anthocyanin synthesised by the end of the two week period, and 
longer times resulted in a linear increase of anthocyanin with time. This suggests that 
anthocyanin biosynthesis in potato tubers is photo-regulated by a high irradiance 
response (HIR). There was no detectable response to short bursts of light, which 
suggests that this form of photo-regulation was not responsible (or not detected). 
HIR's are typically caused by exposure to red/far-red and/or UV-Alblue light (Stafford, 
1990). To detennine the type of photoreceptor acting in this HIR, the effect of light at 
different wavelengths was investigated. However, the changes in anthocyanin 
concentrations in these experiments were partially caused by differing light intensities, 
rather than just the different wavelengths. Nevertheless, exposure to both blue and red 
light, and to a lesser extent purple light, increased the anthocyanin concentration 
compared with white light at the same intensities (Figure 5.16). Also, exposure to UV 
and fur-red light increased the anthocyanin concentration, over that of the dark control 
(Figure 5.15). However, the spectra of light passing through these filters was not 
measured, and the increase may have been caused by an increase in photosynthesis rather 
than the photo-induction of anthocyanin biosynthesis. This was not thought to be the 
case, however, because tuber numbers and weights corresponded to those of tubers 
grown in the dark, whereas the anthocyanin concentration was increased, and as 
mentioned previously tissue-cultured plantlets tend to have low levels of photosynthesis 
even in full light (Conner and Thomas, 1981; Donnelly et al., 1984). Thus, these resuhs 
suggest that both UV/blue and red/far-red photoreceptors (cryptochrome and 
-
phytochrome) are capable of acting to bring about the increase in anthocyanin in 
minitubers, as is thought to be the case in most HIR's (Stafford, 1990). 
5.5.4 Enzyme activities and phenolic biosynthesis in minitubers 
The effect of light on enzyme activities and comparison with concentrations of 
anthocyanins, flavonoids and phenolic acids was investigated to detennine the influence 
of light regulation on the biosynthesis of these compounds. After exposure of dark 
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grown minitubers to light for varying lengths of time, the anthocyanin concentration 
showed a linear increase up to a maximum anthocyanin concentration of 3ng/cm.2SA in 
ten days, after which there was no change (Figure 5.18a). A similar maximum 
anthocyanin concentration in Desiree minitubers was fOlUld in a number of different 
experiments. Flavonoid and phenolic acid concentrations increased rapidly up to a 
maximum in about four to five days, after which the rate of production of flavonoids and 
phenolic acids was reduced with no further significant increases (Figure 5 .18b and c). 
The enzyme activities of Desiree minitubers before exposure to light were lower than 
those of field grown Desiree tubers (Section 3.5.2) however, after light exposure, 
enzymes activities of minitubers were increased. Dark grown minitubers contained 
reasonably high backgrolUld levels of PAL activity, although after exposure to light, the 
activity levels increased dramatically by 2.5 times in the first 20h, after which levels 
slowly decreased (Figure 5.19). The increase in PAL activity after light exposure is well 
known (Lamb, 1979; Wilkinson and Butt, 1992; Reddy et al., 1994), and because PAL 
is the first enzyme in the phenylpropanoid pathway, its early rapid increase is not 
surprising. The level of PAL activity at this early stage correlated well with the rate of 
anthocyanin production, which was shown to have significantly increased after eight 
hours of light exposure (Figure 5.17). 
Th~ next enzyme in the phenylpropanoid pathway, C4H, had no detectable activity for 
the first two days (Figure 5.20), which was surprising because flavonoid and anthocyanin 
concentrations increased during this time (Figure 5.18). It is likely that low levels of 
C4H activity were present during this early stage, but were not detected using the 
method employed. C4H activity subsequently increased rapidly to a maximum at about 
nine days and then decreased. This was closely related to the rate of increase of 
anthocyanins, flavonoids and phenolic acids. 
The second enzyme in the flavonoid pathway, em, also had no detectable activity before 
exposure to light, but appreciable activity was measured after light exposure. Activity 
increased to a maximum at about eleven days, and then decreased to zero after twenty 
five days (Figure 5.19). This corresponded almost exactly with the rate of anthocyallin 
increase, with anthocyanin produced at a relatively constant rate for eight days, followed 
by a decreased rate of production up to about ten days, after which there was no further 
increase in anthocyanin concentration. 
Activities of all the other enzymes involved in flavonoid and anthocyanin biosynthesis 
(F3H, F31H, DHR and GT) also showed increased activity after light exposure. It is 
interesting to note that the two early enzymes in the phenylpropanoid pathway (PAL and 
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C4H) reached maximum activities first (20h and 9 days respectively), whereas the later 
enzymes of the flavonoid pathway reached maximum activities after longer exposures to 
light. 
High GT activities were found with the substrates Km and Qu, which were commonly 
found in tubers (Appendix 3), however with luteolin, which was not found in tubers in 
this study, activities were low. Out of the three sugars tested (UDP-glucose, UDP-
galactose and UDP.xylose), UDP-glucose had the highest activity, as was expected 
because all the flavonoids identified in tubers had at least one glucose unit attached 
(Chapter 3). Surprisingly however, there was a significant amount of activity with UDP-
galactose as a substrate, when there is no evidence of any flavonoids in potatoes 
containing galactose, either in this work, or the work of other researchers (Harborne, 
1960a; 1967). Therefore, the sugars found attached to the flavonoids in potatoes are 
not determined by the specificity of the GT's, but are perhaps controlled by the 
availability of the sugar substrates. The other sugar (besides glucose) which is 
commonly found in the flavonoids of potatoes is rhamnose, however it was not possible 
to test the activity of GT with this sugar because of the lack of commercial availability of 
UDP-rhamnose. 
5.5.5 Conclusion 
In summary, anthocyanins, flavonoids and phenolic acids all showed increased 
production after exposure to light. Anthocyanins showed a significant increase after 
eight hours and reached a maximum of about 3.2ng/cm2SA after about ten days. 
Flavonoids and phenolic acids reached maxima after about four to five days. Enzyme 
activities of PAL, C4H, cm, F3H, F3'H, DHR, and GT were closely related to the rates 
of synthesis of these phenolics. No anthocyanin was produced in Desiree minitubers 
grown in the dark, although anthocyanin was produced in dark grown minitubers of 
cultivars with a higher anthocyanin concentration (RKE and Drenika). However, for full 
production of anthocyanin, the aerial parts of the plants (not necessarily the tubers) 
required light. It appears that some compound, probably a "trigger" compound (e.g. a 
hormone, co-factor or metabolic intermediate) was produced or activated in the leaves as 
a result of light exposure, and was transported to the tubers. It was proposed that, in 
order to produce anthocyanins the tubers 1) need to be genetically competent, 
2) require an adequate carbohydrate source as well as, 3) require the presence of a 
"tligger" compound, however some cultivars (e.g. Urenika) produce limited amounts of 
tuber anthocyanin in the absence of light (i.e. "trigger" compound). 
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CHAPTER 6 
Morphological studies - distribution of anthocyanin containing cells 
6.1 Introduction 
6.1.1 Structure of mature tubers 
The mature tuber is composed of a number of layers:- periderm, primary cortex, 
vascular ring, and pith, each of which is composed of a number of different cell types. 
There appears to be some confusion in the literature in the naming and presence of 
various layers, so the following nomenclature will be used. The outer most layer of a 
mature potato tuber consists of the periderm layer, commonly called the skin (Cutter, 
1978; Peterson et al., 1985). The periderm is usually 6-10 layers thick, and is a 
specialised protective layer to prevent water loss and impede attack by various soil 
pathogens. The periderm is composed of ph ell em (cork), phellogen (cork cambium), and 
phelloderm (secondary cortex) tissues (Reeve et al., 1969b; Lulai and Orr, 1994). 
Phellem tissues are the tangentially layered corky suberized cells on the tuber surface. 
Phellem cell walls are complex and consist of a middle lamella, a primary cell wall, a 
secondary cell wall with suberin lamellae which protects the tuber from water loss and 
disease, and a cellulosic tertiary cell wall (Schmidt and Schonherr, 1982; Vogt et al., 
1983). These cells may be senescent, with the outermost layers containing dead cells. 
Phellogen tissues are the next narrow layer of cells below the phellem, and these cambial 
cells actively divide outwards to form the phellem cells and inwards to form the 
phelloderm cells. The phelloderm is a narrow layer of secondary cortical parenchyma 
cells which forms below the phellogen. Inside the periderm is the primary cortex, which 
is also a narrow layer of cortical cells. The primary and secondary cortex separate the 
phellogen fi'om the vascular tissue, and throughout this work both will be referred to-as 
the cortex (or cortical layer), with no differentiation between the primary and secondary 
cortex. These cortical cells form a minor component of the mature tuber, but contain 
more starch grains per cell than other parenchyma cells in the tuber (Reeve et al., 1970). 
The tuber has internal and external phloem developed from procambial tissue, which 
constitutes a larger proportion of the vascular tissue than the xylem. During tuber 
enlargement, the internal phloem becomes separated into numerous strands isolated by 
storage parenchyma (Figure 6.1) (peterson et aI., 1985). The rest of the tuber, towards 
the centre, is made up of thin walled parenchyma (Pith) cells. 
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Figure 6.1 Primary tissue organisation in a minituber of cultivar Kennebec cultured in vitro. 
Peridenn (pe), primary cortex (C) with starch grains, endodennis (E), internal and external 
phloem (arrows), vascular cambium (VC), xylem (X) and pith (P). With the exception of the 
endodennis, the tissue organisation is identical to mature tubers grown in vivo. 
From Peterson and Barker (1979). 
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In potato tubers containing anthocyanin pigments only in the skin (and no colour in the 
flesh), the colour may be present in the phellem andlor cortex. In some cases (e.g. Arran 
Victory), the phellem is not coloured and the pigment is fOlU1d in the cortex, whilst in 
other cultivars (e.g. King Edward VII), the phellem only is pigmented (Whitehead et al., 
1953; Burton, 1989). In the dead cells of the phellem, the anthocyanins must be 
residual, or impregnating cell walls because there are no living contents. Anthocyanin 
pigmentation in the flesh may occur only in the vascular tissue (e.g. Arran Victory), in 
the flesh inside the vascular ring (pith) (e.g. 153, Stage II Blue), or throughout the whole 
flesh (all cell types) (e.g. Urenika). 
6.1.2 Objectives 
The following microscopical studies were carried out to determine the location of 
anthocyanin containing cells, and to attempt to answer the following questions. 
1) Do all the cells of a particular layer (i. e. in tangential sections) have the same 
intensity of colour? 
2) What is the distribution of coloured cells? Are they evenly or randomly 
located, or are they clumped together in clusters in the tangential sections? This will of 
course depend on the pattern of colour of the tuber, whether the tuber is wholly or 
partially coloured, and if partially coloured the distribution of colour (refer to Section 
1.2.2.1). 
3) What determines the difference in colour intensity from wealdy coloured to 
strongly coloured tubers? Is each individual cell more intensely coloured, or are there a 
greater proportion of cells with colour in the tangential section, or are the coloured cells 
present to a greater depth (i.e. more layers of coloured cells in the transverse section)? 
4) Are all the cells the same colour, that is, are there any visible differences in the 
"'max, perhaps caused by different chemical structures, or bathochromic shifts of the 
anthocyanins? 
6.2 Methods 
Tubers from a number of cultivars were selected to give 1) different tuber colours, 
either red or purple and, 2) different intensities of colour, so for each colour (red or 
purple), cultivars with a range from lightly to strongly coloured tubers were selected. 
For red tubers the cultivars Red Rocks, Desiree, Red Rascal and Red Flesh were used, 
showing a range from light to dark colour respectively, and for purple tubers the 
cultivars Tekau, Arran Victory, Blue Derwent, Stage II Blue and Urenika were used, 
with light to dark colours respectively. 
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Thin sections (consisting of at least three to four cells in thickness) were cut with a razor 
blade with the assistance of Dr Jan Grant (NZ Institute for Crop & Food Research Ltd, 
Lincoln). Sections ofthe tuber skin were either tangential (TG), parallel to the surface of 
the tuber, or transverse (TV), at right angles to the surface, with additional transverse 
sections cut from the flesh of cultivars with coloured flesh. Sections were viewed in 
areas which were of approximately four cells thick, because the size of cells differed 
between tissues and also between cultivars, and also so that intact cells could be viewed, 
not just the damaged cells on the cut surface of the section. Many sections were cut, and 
viewed under a light microscope with a lOx eyepiece and either a 4x or lOx objective 
magnification, to obtain a general impression of the characteristics and distnbution of the 
coloured cells, and typical sections were photographed. All figures at the same nominal 
magnification are comparable because they were all photographed and processed in a 
similar manner. 
6.3 Results 
6.3.1 Pinklred tubers 
The sections from Red Rocks, a light-pink skinned tuber (Figure 6.2), showed that no 
pigment was present in the cells or as residues in the dead outer layers of the phellem, or 
attached to the cell walls (Figure 6.3), and that only a very light coloured pigment could 
be observed in the lumen of the cells in the ~orticallayer (Figure 6.4). Desiree, a pink:-
red skinned tuber (Figure 6.5), had no colour in the dead cells of the phellem layer (not 
shown), but had more intensely coloured pink cells than Red Rocks in the cortical layer 
(Figure 6.6). In cells from the cortical layer of Desiree tubers, it was found that some 
cells were colourless, whereas others were more coloured; these coloured cells appeared 
to occur at random 
The presence of highly coloured "blobs" of pigment was observed in Figure 6.4 and 
Figure 6.6, and it was thought that these were not part of the cell contents but appeared 
to be dried residues which were thought to have come from the senescent cells of the 
phellem layer when it was removed from the cortical layer. It can be seen that the colour 
of these deposits varied from orange to red to purple, but it was not detennined whether 
the difference in colour resulted from different pigment compositions, or from varying 
physiochemical conditions (e.g. pH). It is likely that a range of pHs would be found 
because of the different pHs of the cytoplasmic and vacuolar contents which would be 
released when the tissue was cut. Red Rascal tubers, with a similar coloured skin to 
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Desiree tubers, were also studied, and the cut sections (not ShOWll) appeared to be 
almost identical to those from Desiree tubers. 
Figure 6.2 A typical Re.d Rocks tuber. 
= -O~lll1 
----
Figure 6.3 A typical tangentl31 section of phell elll frol11 Red Rocks tubers . 
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Figu.oe 6.4 A typ ical tangential section of cortex from Red Rocks tub rs . 
Desire 
'Figun' 6.5 A typIcal Desiree tuber 
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Figure 6.6 A typical tangential section of cOltex from Desi ree tubers 
'1 -_ l) 
Red Fl sh is a cultivar who e tubers have a dark red kin and pink flesh (Figure 6.7). 
Tangential s ctioll s of the phellem (Figur 6.8) showed what ap peared to be iutensely 
coloured deposits of antho(.;yaniJl arolLnd th cell wa ll of tJle dead pheUem cell'. It is 
thought that when the cells died, tbe vacuolar contents (in luding the anthocyaruus) dlied 
out and be~am deposited along the inside of the cell wall . Lhus contributing to the 
in tens ~o lour of the tub r. Th pink colour of the cells in the cortical lay r from Red 
FI ~h tubers (Fiaure .9) was slightly da rker than that [OlUld in simjlar sections of Desiree 
tuber (Figur 6. ). However, from obsetvatioll of trans erse sections of both Desiree 
and Red Flesh (not shown ), it appeared that !lumber of layers of coloured cOltical cells 
(3-5 layers) was similar in both cuitivars. TIlere appeared to be a thick outer-most layer 
of highly coloured dead phellem ceLIs in Red Flesh ill contrast to Desiree or Red Rocks 
(not showlI). where there was no colour in this layer. Therefore. the much darkt:r red 
colouration observed in the skins of Red Flesh tubers. compared with that of Desiree 
tubers. was due mainly to th e deposits of al)tho~yanin ill the dead cells of the pheLlelll 
laye r. 
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Figure 6.7 A typical Red Flesh tuber 
= 50~lID 
----
Figure 6.8 A typical tangential section of ph ell em from Red Flesh tubers . 
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= 50~Lm 
Figure 6.9 A typical tangential section of cortex from Red Flesh tubers. 
6.3.2 Pw·pie tubers 
Tubers from the cultivar Tekau were mostly white, but showed small patches of purple 
pigment particularly around the eyes (Figure 6.10). TIansverse sections, cut from tissue 
around the eyes, showed that the coloured cells were elust red together in the cOlt ical 
lay I with little OI no colour in the phellem cells (Figure 6. 11). Tangential sections from 
Tekau tubers showed that the coloured cortical cells showed strong purple colomation, 
whilst the other cells were colourless, and that tills was not an artefact of sectioning 
(FigUl"e 6.12). It is clearly obvious that the coloUl"ed anthocyanin (typically found in the 
vacuole) takes up almost all of the cell lumen (Figure 6.1.2). 
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Tekall 
F'igure 6.10 A typical Tekau tuber. Arrow points to an eye with purple colouration . 
___ = 125 ~lm 
Figure 6.11 A typical transverse section from Tekau tubers, tissue cut through an eye. 
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Figure 6.12 A typical tangential section of cortex from Tekau tubers . 
An an Victory tubers had a light pmple skin and purple ring of vascular tissue (Figure 
6.13). Tangential sections of the cortical layer of Arran Victory (not shown) were 
similar to that shown in Figure 6. 9 from Red Flesh sections, except that the colour was 
more purple. The coloured cells appeared to be ananged in a random manner, except 
that aroWld the eyes there was a higher density of colomed cells, and these coloured cells 
appeared to be more chlstered. There was no anthocyanin in the dead cells of the 
phellem layer of Arran Victory tubers (not shown). Transverse sections of Anan Victory 
fie h, cut through the vascular tissue, showed the anthocyanin present in the cells in the 
vascular area (Figm e 6. 14), and it was observed that the colour varied from blue to 
pUl1Jle. The presence of starch grains in these tissues slightly obscured the details of the 
cells in tIus photograph (Figure 6.14), however the patches of colour appeared to be 
witllin intact cells. It is possible that the differences in colour may be caused by different 
pigments, or that different cells may naturally contain pigment at different colours 
because of changes in pH or copigmentation. Phloem sap is usually more alkaline (pH 
7.5-8.6) (Street and Opik, 1970) in contrast to other plant cells (PH 2.5-7.5) (Stewart et 
at. , 1975), and this may have produced the bluer colours in vascular tissues as observed 
ill Figme 6.14. 
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A' ..... a'l icto ... y 
:Figure 6.13 A typical Arran Victory tuber 
_ __ = 50/.lill 
Figure 6.14 A typical tangential section of tuber flesh from 
Arran Victory tubers cut across the vascular tissue. 
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Blue Derwent tubers (Figure 6. 15) had a slightly darker purple skin than Arran Victory 
tubers. Transverse sections of Blue Derwent skin (periderm), showed that the coloured 
cortical cells extended to a depth of three to four cells deep (Figure 6.16), as did those of 
Anall Victory (not shown). Tangential sections of the cortical layer from Blue Derwent 
(Figure 617) were similar to those of Arran Victory tubers (not shown). The colour of 
the cells ranged from colourless to a light purple, and again the coloured cells appeared 
to be distributed in a random manner, except around the eyes where there were a larger 
number of coloured celis. 
Figure 6.15 A typical Blue Derwent tuber 
_ _ _ = 50pm 
Figure 6.16 A typIcal transverse section from the surface from Blue Derwent tubers 
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Figure 6.1 7 A typical tangential section of cortex fj-om B lue Derwent tubers. 
Stage [J Blue tubers had a dark purp l !black skill, wit h ' om purple co louration ill th e 
flesh , in th e region of an d inside the vascular ling (Figure 6. 18) . The colour of ceUs in 
the cOltical layer from Staoe II Blue tubers (Figure 6. 19) w as much more intense than 
th at fowld in the Lighter coloured 'kin s of Arran Vi t ry tuber (not hown) and Blue 
Del ent tuber (Fi~ure 6. 16). However, tlI re was a complete range 0 coiou l 
intensities in the veils of th e cOlticallayer of Stage U Blue tubers, with the colour o re lis 
ranging from colourless th rough light and medium shades of puq)\e, to a fair ly dark 
puq)le colour. Transverse sections of Stage [[ Blue tuber skins (Figure 6. 20) also 
shovved increased colour intensity when compared with similar sections fi'oll\ the lighter 
coloured An3n Victory tubers (not shoV'm) and Bille Delwent tubers (Figure 6. 17). 
Additionally, there was an increased number of layers of cOltical cells containing 
anthocyanin piomentation, witb the coloured cells present to a depth of five to seven cells 
in transverse seL'lions in Stage II Blue (Figure 6.20), compared with three to five cells in 
Arran Victor (not showll) and Blue Derwent (Figure 6.17). 
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Stage 11 BIlle 
Figure 6.18 A typica l Stage n Blue tuber 
= O~1I1 1 
----
FigUl'c 6.1 9 typ ica l t ~lIlgellti a l ectiol1 of cortex from tage II Blue tubers . 
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Figure 6.20 A typical transverse section from Stage n Blue tubers. 
U renika tubers (Figure 6.2 1) had a similar skin colour to those of Stage 11 Blue, but were 
typically a dark purp le colour thI oughout tbe flesh. Tangential sections of the cOltical 
layer of Urenika tubers (not shown) were imilar to tho e fOWld fr0111 Stage II Blue 
sect ions (Figure . 19). Tangeutial ection Ureuika of live phellem ceUs (Figure 6.22 ) 
w re similar to th o e of Stage n Blue (not shown), and conta ined pw-p le colour in the 
IU lll n of the cell (i. e. tb vacuole). as well as dark purp le deposits around the \.; ell walls. 
ead ph lIem cell ( i. e. cells with no cont Ilts) of both the e cultiva r contained iutel1s 
pu rp le colour deposited aJOWld th celJ walls (not shown). Transverse ection s liOln 
Urenika of the periderm and underlying cortical cells showed that the pigmented cells 
~ontilluedfi'olll the pbellem layer through to the pith cells (Figure 6.23). In transverse 
sections of Urenika pith (flesh) the cellular structure ami presence of pigment was not 
clear because of the numerous starch grai.ns (Figure 6.24), bowever the intensity of 
colour was not as great as might ha e been expected from the colour of the fl esh when 
the tuber was viewed without magnification (Figure 6.21). It is thought that much of the 
anthocyanin had leached out of these cells, because of the greater structural damage of 
the thin walled pith cells when sect ions were cut. particularly vvith the high d nsity of 
starch grains which were pu shed aside as the blade pa ssed through the tissue and which 
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may have damaged the cells. TIle lower undamaged layers could not be observed 
because oftbe large Humber of starch grains. 
Urenika 
Figure 6.21 A typic81 Urenika tuber 
= 50~Lm 
--- -
Figure 6.22 A typIcal tangentIal ectlon ofpltcil cllI from reni (l tubers 
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= 50~lm 
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Figure 6.23 A typical t ransv rse section from Urenika tuber _ 
= 3 0 ~ lm 
- - - -
figure 6.2" A typ ica l t rails v r e tion of tl esh from Urenika tub rs . 
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6.4 Discussion 
For this work to be reliable and meaningful, the sectioning technique was considered 
carefully. Sections of an even thickness were required, but this was not an easy task with 
a hand-held razor blade, especially as a number of tissues and cultivars were studied, 
having a range of tissue strengths. As well, the cell diameters also differed considerably 
between different tissues and different cultivars. Also, problems were encountered with 
the leaching of the pigment from the cut living cells, which made distribution studies 
difficult, and care had to be taken to compare cells within an undamaged layer, to ensure 
that a cell did not appear to be colourless and contain no anthocyanins simply because its 
contents had leached out, because of sectioning. To try and minimise these problems, 
relatively thick sections were cut, and the sections viewed in portions which were 
approximately four cells thick. In most cases, by changing the focus, a number oflayers 
of each section were able to be viewed, to enSUl'e that a representative undamaged layer 
was ob served. 
Others problems which may have been encountered were that 1) the cell contents of 
damaged cut cells may have leached out and affected the observed colour by altering the 
pH and changing the colour of the anthocyanins, 2) reactions of the anthocyanins with 
the starches and sugars may have taken place, as was shown to occur in Chapter 2, 
3) the water used to mount the slides may have changed the pH surrounding the cells 
but, although some colour change of the leached anthocyanins may have occurred 
because of the higher pH of the water, this ~d not appear to affect the intact cells, and 
the excess colour of leached anthocyanins was removed, 4) plasmolysis may have been 
likely because water was used to mount the sections, although there was no evidence of 
this. It is more likely that water was absorbed by cells and this could have altered the 
natural cell conditions. Whilst there was no evidence of this, it might have, in hindsight, 
been better to have used isotonic, buffered washes for mounting the slides. On the other 
hand this might have caused problems in determining the optimum mounting solution for 
each cultivar. 
-
In conclusion, taking these technical difficulties into account, and noting that this work 
was only carried out as a preliminary overview and not a complete study, these results do 
give some indications of the different strategies employed by the different cultivars which 
show such a wide range of colour intensities. 
The differences of colour observed visually in the whole tuber, without magnification, 
appeared to be related to the concentration of anthocyanins (extracted in acetic acid in 
methanol, and concentration determined by HPLC, as in Chapter 3, and shown by the 
Chapter 6 Morphological studies 269 
data extracted from Appendix 3) (Table 6.1). This suggests that a key factor 
determining the visual colour of the tuber is the total concentration of anthocyanin 
produced (per gFW). However, the visual differences seen in the whole tuber could also 
be related to the distribution of anthocyanin observed at a cellular level. Here the 
difference in colour intensities ofthe red cultivars appeared to be due partially to a slight 
increase in the amount of anthocyanin produced in individual cortex cells, and possibly an 
increase in the proportion of cortical cells within a layer producing anthocyanin. 
However, the major factor appeared to be the amount of anthocyanin present in the 
phellem, because the dark red cultivar (Red Flesh) showed strongly coloured anthocyanin 
deposits around the cell walls of dead phellem cells, which was not evident in these cells 
of the lighter coloured red tubers (Red Rock, Desiree and Red Rascal). 
Table 6.1 Anthocyanin concentration of selected cultivars 
(data extracted from Appendix 3, Table A3.1) 
Cultivar Anthocyanin concentration 
(Jlg/gFW) 
Skin Flesh 
Red Rocks 204.6 0 
Red Rascal 1091.5 0 
Desiree 1445.4 0 
Red Flesh 3325.2 8 
Tekau 81.8 0 
Arran Victory 2386.9 78.2 
Blue Derwent 3089.9 103.7 
Stage II Blue 7446.6 218.5 
Urenika 5778.8 1351.6 
In genera~ purple tubers with a more intense colour had a greater proportion of more 
highly coloured cortical cells in tangential sections. They also had more layers of 
coloured cortical cells in the transverse view 0. e. the coloured layers of cortical cells 
went to a greater depth in tubers with a darker coloured skin). Additionally, as found in 
the red skinned tubers, the extra dark coloured tubers (Stage II Blue and Urenika) had 
intensely coloured deposits of anthocyanin around the cell walls of the phellem cells 
(diffuse in the cell walls, as well as the unattached "blobs"). 
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There did not appear to be any change in the colour (Amax) of the anthocyanin, for either 
the red or purple tubers, as the colour of the potato tuber became more intense, although 
it is doubted whether small changes in Amax would be detected using these methods. The 
differences in colour observed in the extracellular "blobs" shown in Figure 6.4 and Figure 
6.6 may be explained by the varying pHs outside the cells from the release of cellular 
contents from the cut cells, and the use of water as a mounting solution. The differences 
in colour of the cells in the vascular tissue, may also be explained in terms of pH 
differences, although in this case the purple/blue colours were probably caused by the 
more alkaline pH thought to occur in the intact phloem cells. 
Phellem cells from Stage IT Blue and Urenika showed a different pattern of anthocyanin 
location compared with similar tissues from other cultivars. In the other cultivars, the 
dead phellem cells either showed no colour, or showed the presence of deposits of 
residual anthocyanin pigment around the cell walls. The live cells of these other cultivars 
showed colour ouly in the lumen of the cell (i. e. the vacuole), although there were the 
occasional IIblobs" of contaminating pigment which appeared to originate from the 
senescent or dead cells above the living cells that were being observed. However, in the 
live phellem cells from Stage IT Blue and Urenika (Figure 6.22) the purple anthocyanin 
pigment was observed in the centre of the cells (in the vacuole) as well as in the cell 
walls. The reason for this is not known, but it is possible that the cells may have secreted 
the anthocyanins to the cell wall and/or they may have been senescent phellem cells and 
were observed in a transitionary state between living and dead. Flavonoids (usually 
aglycones) have been found to be secreted and linked to the cell wall (Strack et al., 
1989), however there is no mention in the literature of anthocyanin secretion to the cell 
wall, and the secretion of coloured anthocyanins appears to be unlikely. Typically only 
unglycosylated flavonoids (aglycones) are transported to the cell wall, because these are 
less polar than glycosylated flavonoids, and are absorbed better by the more non-polar 
cell wall However, anthocyanidin aglycones are notoriously unstable and are likely to 
degrade. Although proanthocyanidins and condensed tannins (both polymeric 
anthocyanidin containing compounds) have been found attached to the cell wall, these 
compounds are colourless. Obviously this deserves further investigation. 
The answer to the question of why some cells produce anthocyanin and other cells do 
not, is still unknown, but Lancaster et al. (1994) found a similar pattern in their studies 
of apple skin anthocyanins. The changes in colour of single cells may be caused by an 
internal concentration effect. It is known that the self-association of anthocyanins occurs 
at high concentrations, especially in anthocyanins with sugars at both 3- and 5-positions 
(Harborne, 1988), and that this is a copigmentation effect with an increase in absorbance 
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and a bathochromic shift in A-max (Section 2.1.1.3). Changes in the cellular 
concentrations of sugars and starches may also have some effect on the colour observed. 
Further study of the differences at the cellular level would be useful to answer this and 
other questions. In particular, the use of image analysis to quantify the number and 
intensity of coloured cells, and also the use of a microspectrophotometer to measure the 
different A-max values observed in the different coloured cells would be useful. 
Additionally, the comparison of colour intensity values with the anthocyanin 
concentration va1ues could be utilised to determine what relationship is present between 
these two variables, and whether the anthocyanin colour of different cultivars is affected 
in different ways by pH or copigmentation. 
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CHAPTER 7 
Effect of cooking on potato tuber anthocyanins 
7.1 Introduction 
One of the reasons for this study of the effect of cooking on the tuber anthocyanins is an 
anticipated increase in consumer demand for coloured potatoes, particularly those with 
coloured flesh for use in attractive looking potato salads (Figure 7.1) and novelty crisps 
(Figure 7.2). Therefore, the stability of anthocyanins and the maintenance of colour 
during various cooking and crisping practices becomes of key importance and was 
investigated here. 
Although extensive research has been conducted on the cooking and crisping properties 
of potato tubers, no reference to studies of this nature on potato anthocyanins was found 
in the literature. A number of studies have been carried out recently to investigate the 
factors which detennine the texture of tubers during cooking (Andersson et aI., 1994; 
Quinn and Schafer, 1994; van Marle et ai., 1994), the effect of frying on tubers, 
particularly with respect to the browning of crisps and flies caused by the Maillard 
reaction (Coles et ai., 1993; Khanbatl and Thompson, 1993; Shock et ai., 1994), and 
the changes in the oil during the frying of crisps with respect to the crisp quality (Hebash 
and Fadel, 1994). 
Anthocyanins are known to degrade at high temperatures, and this topic has been 
discussed previously in Chapter 2. In addition, Daravingas and Cain (1968) investigated 
the thermal degradation of anthocyanins in black raspberries and found that thermal 
degradation was reduced at lower pHs, and that the replacement of the 02 atmosphere 
with N2 enhanced pigment stability, whilst the addition of sugars, and in particular sugar 
degradation products, increased anthocyanin breakdown. 
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Figure 7.1 Potato salad using white (Rua) and purple (Urenika) potatoes. 
Figure 7.2 renika crisps after frying for S In veg tabl oil at ISOaC 
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7.2 Methods and Results 
Colour was measured with the image analysis system as in Chapter 4, and aU cooking 
experiments were carried out with Urenika tubers field grown at Lincoln. All tubers used 
in these expeliments were approximately lOOg. 
7.2.1 Effect of washing tuber slices 
It was obseIVed that when cut tuber tissue was placed in water, either for the washing of 
crisps before frying, or tubers for boiling, some anthocyanin leached out of the tissue and 
the water became purple coloured. Therefore, the loss of colour after washing tuber 
slices was investigated. Colour density of tuber slices was measured immediately after 
cutting, and the tuber slice then washed in cold water, and the colour density measured 
again. When this was carried out for thitty slices it was found that the average colour 
loss was less than 2%. 
7.2.2 Steaming 
Unpeeled tubers were steamed in a commercial steamer for up to three hours, and then 
left to cool for approximately one hour. The still warm tubers were sliced into five slices 
and the colour density of each slice determined using ten tubers for each cooking time. 
Uncooked tubers were used as controls (time 0), and the colour density of five slices for 
each of ten tubers was similarly measured. When the anthocyanin colour was measured 
after up to two hours steaming there was a slight decrease in colour, although these 
differences were not significant (Figure 7.3). After three hours there was a significant, 
visible degradation of the anthocyanins, with tubers having a lighter grey/purple colour 
instead of dark purple, and a 46% loss of colour was recorded. However, after this 
length of time the potatoes were vastly over cooked and only held together by the 
surrounding skin. In practice, little or no colour would be lost by cooking the tubers by 
this method, because the usual cooking time for steamed potatoes is 40-50min. 
7.2.3 Boiling 
7.2.3.1 Cubes 
Tubers were cut into ~lcm3 cubes, which were washed and their colour measured, before 
cooking. At least seven cubes from each treatment were cooked, one at a time, in boiling 
water for 2, 4, 6 or 8min, after which the colour of the sur:fuces of the cubes was re-
measured. The immersion of the cut cubes into boiling water caused the anthocyanin to 
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leach into the water, and the water turned a strong purple colour. This purple colour in 
the water appeared to remain stable for 10-15min, but after this period the anthocyanin 
degraded and the purple was replaced by a green colour after 25-3Omin of boiling. Cubes 
were cooked sufficiently to be edible after 2-4min and, after 6min had begun to crumble. 
A 41 % loss of colour had occurred after 2min boiling which increased to 64% after 8min 
(Table 7.1). 
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Figure 7.3 Amount of anthocyanin colour remaining after whole tubers were steamed. 
Error bars represent ± 1 standard error. 
Table 7.1 Amount of colour lost from the surface of Icm3 cubes after boiling. 
Time (min) loss of colour (%) 
0 0 
2 40.9 
4 41.8 
6 55.1 
8 64.0 
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7.2.3.2 Whole tubers 
Tubers were boiled whole, either peeled or Wlpee1ed, with each treatment being cooked 
in separate pans of boiling water with five tubers taken out at 5 or 10min intervals for 
analysis. Each tuber was sliced into five equal slices and the colour density determined 
for each slice. 
a) Peeled tubers 
Peeled tubers were ready to eat after 5-10min however, after 10min some sloughing was 
observed on the outside of the tuber. After 15min tubers were extremely soft and after 
20min tubers had completely disintegrated so no further readings could be taken. No 
decrease in colour was fOWld up to 10min boiling of peeled tubers, but at 15min a 30% 
loss in colour had occurred (Figure 7.4). 
b) Unpeeled tubers 
Because these tubers still had the skin intact, they were able to be boiled for a longer time 
than peeled tubers without falling apart. There was a small decrease in the colour of 
slices of Wlpeeled tubers after 20min boiling, although this was barely significant, 
however a 30% loss of colour had occurred after 40min (Figure 7.5). The anthocyanin 
pigments were also extracted and measured spectrophotometrically (as in Section 4.2.2), 
and results showed a similar pattern to those shown in Figure 7.5. 
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Figure 7.4 Amount of colour lost from slices after whole peeled tubers were boiled. 
Error bars represent ± 1 standard error. 
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Figure 7.5 Amount of colour lost from slices after whole un-peeled tubers were boiled. 
Error bars represent ± 1 standard error. 
7.2.4 Crisping 
Crisps were sliced from the centre of tubers with a hand held crisp slicer to give slices 
with an even thickness of 1.5mm. Slices were washed in cold water, excess water 
removed, and their colour density measured. Crisps were then :fried :in vegetable oil at 
180°C, for up to 120s, :in flat wire baskets so that each crisp could be identified, and the 
colour measured aga:in after cooking. Crisps were cooked and ready to eat after 60-90s. 
It was found that image analysis was not appropriate for the measurement of anthocyanin 
colour ill crisps, because after 120s the crisps had turned pale brown, and an increase-:in 
colour density was measured, caused by this brown colour. It can be seen:in Figure 7.2 
that, although the crisps did go brown, the purple anthocyanin colour appeared stable. 
Attempts were made to extract anthocyanins:in 15% acetic acid:in methano~ and measure 
their concentration, however this proved unsuccessful because only a low propOltion of 
the total anthocyanins were extracted, probably because of the penetration of the oil 
throughout the tissue. 
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7.3 Discussion 
Although anthocyanins have been found to degrade at high temperatures (reviewed in 
Markakis, 1974; Francis, 1989), typically this did not occur during the nonnal cooking 
time of the potato, whether boiled, steamed or flied. For retention of anthocyanin colour, 
steaming was found to be a very effective way of cooking tubers, with no loss of 
anthocyanin during the normal cooking time and, because there was no free water, there 
was no loss of anthocyanin by leaching. However, tubers took longer to cook by 
steaming than boiling, which may be a significant disadvantage to many consumers. 
Boiled whole tubers, either peeled or unpeeled also retained all of their colour, whereas 
small boiled cubes lost 40% of their colour by the time the cubes were ready to eat. Most 
of the colour lost from these small cubes was lost within the first two minutes (Table 
7.1). It is suggested that this is caused by the leaching of anthocyanin pigments into the 
boiling water from the cut surface of the tuber, rather than degradation of the 
anthocyanin, because only the colour of the cut surface was measured before and after 
cooking (not the inside of the cube). This was supported by the observation that the 
centre of these cubes still retained their purple colour. The leaching of colour was not 
surprising given that these surfuce cells were likely to have been cut open. This 40% loss 
from the surface of the boiled cubes was much higher than the 2% of colour lost when 
slices were washed in cold water, and thus the higher temperature of the boiling water 
appeared to increase the rate of leaching into the water, possibly by further degradation 
of cells at the higher temperatures. Therefore, it is suggested that in the preparation of 
purple potato salads, the tubers should be cooked whole, and cubed after cooking to 
retain their full purple colour. The peeled tubers also showed a more rapid reduction in 
colour density than the unpeeled tubers when boiled. It is hypothesised that the tuber 
skin prevented the more rapid loss of colour by reducing the leaching of anthocyanins 
into the water. 
The purple colour was also retained when potato slices were flied, and the preparation of 
purple crisps was achieved, even though the loss of colour, if any, could not be 
quantified. 
In summary, the anthocyanins present in Urenika tubers were stable, and did not suffer 
thennal degradation in the time period required for potatoes to be cooked by steaming, 
boiling or crisping. However, some degradation did occur in boiled and steamed 
potatoes after three to four times the length of time required for cooking. 
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Image analysis appeared to be an appropriate tool for the measurement of colour in 
tubers, and has been used previously by workers for the measurement of colour in potato 
crisps (Coles et al., 1993; Scamon et al., 1994). The colour density obtained by image 
analysis was correlated with the anthocyanin concentration measured by extraction and 
spectrophotometric analysis. Image analysis proved to be superior for these experiments 
because it was far less time consuming, and was non-destructive, so that changes in a 
particular sample could be measured before and after treatment. This was particularly 
useful in measuring changes occurring in cubed tubers, because it meant that the same 
sample could be measured before and after boiling, which eliminated the high variation 
between samples, and the necessity for larger sample sizes. Limitations in the use of 
image analysis were found when other colour changes also occurred, as when the fried 
(crisped) slices showed an increase in brown colour which was measured as an increase 
in density. 
This work has been submitted for publication (Lewis et al., 1996). 
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CHAPTERS 
Concluding discussion 
8.1 Biosynthesis of anthocyanins 
8.1.1 Anthocyanins and hydroxylation patterns 
Anthocyanins, flavonoids and phenolic acids were SUlveyed in tetraploid (S. tuberosum) 
potato cultivars and diploid Solanum species. The concentrations of these compounds 
were related to the colour of the tubers and to regulation of anthocyanin biosynthesis. 
This is the first time that a biochemical analysis of these three classes of compounds has 
been canied out in potato tubers together in one study. 
Most commercial potato cultivars have white tubers because in the 1800's and early 
1900's there was selection for tubers with white skins and white flesh (i.e. no 
anthocyanins and low concentrations of carotenoids). However, there are many cultivars 
with coloured (anthocyanin containing) skin and/or flesh, and these tend to be older 
cultivars which have not been through plant breeding programs for selection of attributes 
such as disease resistance, tubers with shallow eyes, uniform tuber size, etc. 
Pink, red and purple potato colours result from anthocyanins in the skin and/or flesh of 
the tuber. The presence of anthocyanin aglycones in different coloured tubers is shown 
in Table 8.1. The pink/red coloured tubers tended to contain mostly the 
monohydroxylated Pg-glycosides, with lower concentrations of the dihydroxylated/ 
methylated Pn-glycosides. Purple tubers generally contained only trihydroxylated/ 
methylated anthocyanins. Light to medium purple coloured tubers contained mostly Pt-
glycosides with low concentrations of Mv-glycosides whilst the dark purple/black tubers 
contained similar concentrations of Pt-glycosides, pills very high concentrations of Mv-
glycosides (Chapter 3). No Cy-glycosides were found in the tubers, although some 
flowers contained low concentrations ofCy-3-rut. 
The predominant glycosidic group was 3-(p-coumaroyl-mtinoside)-5-glucoside, with 
lower amounts of 3-rutinoside. Although only these two glycosidic pattems have been 
reported previously (Harbome, 1960a: Simmonds and Harborne, 1965), the presence of 
minor anthocyanins containing other different glycosidic pattems was reported here 
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(Chapter 3), although the identities of these were not determined. The cultivars with red 
tubers may have economic importance for production of natural food colourants, 
especially cultivars such as Red Flesh which have high concentrations ofPg-glycosides in 
the skin and flesh, and produce abundant quantities oflarge tubers. Cultivars with purple 
tubers may also be useful for food colourant production, however grapes are currently 
. used for production of natural purple colourants. 
Table 8.1 Anthocyanin aglycones present in tubers. 
Tuber colour Anthocyanin concentration (l-lg/gFW) 
Hydroxyl pattern OH 20H 
Aglycone Pg Cy Pn 
White 
- - -
Pinklred *** - * 
Light purple 
- - -
Dark purple 
- - -
generally absent 
(-) 
* 
sometimes present in small quantities 
50-500I-lg/gFW 
** 500-2000I-lg/gFW 
*** 2000-6000I-lg/ gFW 
OH monohydroxylated B-ring 
20H dihydroxylated B-ring 
30H trihydroxylated B-ring 
30H 
Dp Pt Mv 
(-) (-) (-) 
- - -
* ** * 
* ** *** 
Pg pelargonidin 
Cy cyanidin 
Pn peonidin 
Dp delphinidin 
Pt petunidin 
Mv malvidin 
The concentrations of flavonoids and phenolic acids were related to the anthocyanin 
concentration in tubers of different colour classes. Tubers generally had velY low 
concentrations offlavonoids, with coloured tubers (red and purple) having two to three 
times the concentration of that in white tubers. Most of the flavonoids were the 
dihydroxylated Qu-glycosides, with similar concentrations of these found in red and 
purple tubers. Red tubers contained higher concentrations of the monohydroxylated 
flavonoid, Km-3-mt, than that found in white or purple tubers (Chapter 3). This was 
associated with the presence of the monohydroxylated anthocyanins, Pg-glycosides, 
which were found only in red coloured tubers. Unfortunately, the concentrations of the 
trihydroxylated flavonoid, My, could not be determined in coloured tubers, owing to its 
co-elution with the major anthocyanins present. 
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Phenolic acids were present in high concentrations in tubers, but there appeared to be no 
relationship between the hydroxyl pattern of the phenolic acids with that of the 
anthocyanins in red or purple tubers. However, the concentration of phenolic acids in 
coloured tubers was twice that in white tubers. 
8.1.2 Determination of tuber colour 
The main factor influencing the colour of the tuber appeared to be the actual 
concentration of the anthocyanin itseJ:.t: although other factors may have been important. 
During studies of the cellular structure and anthocyanin location in the tuber, it was 
found that the colour intensity of strongly coloured tubers was caused by a higher 
proportion of coloured cells within each layer of cortical cells and a greater number of 
layers of cortical cells containing anthocyanins (Chapter 6). Additionally, the very 
strongly coloured cultivars (Stage IT Blue and Urenik:a) had intensely coloured deposits 
of anthocyanins around the cell walls of both the dead and live phellem cells. It was 
interesting that the anthocyanin pigment occurred in the cell walls as well as in the 
vacuole where it is typically found. The anthocyanin in the cells from phloem tissues 
showed a bluer colour than cells from periderm tissues, and it was proposed that this was 
caused by the more alkaline pH found in phloem cells. 
Potato tubers contained high concentrations of phenolic acids (Chapter 3), which are 
known to act as copigments and increase the intensity and alter the colour of 
anthocyanins (Chapter 2). The flavonoids (flavonols, flavan-3-01s, and flavanones) may 
also have influenced the anthocyanin colour by copigmentation, however in tubers they 
occurred in much lower concentrations than the phenolic acids. No work was carried 
out on the copigmentation effect of phenolic acids or flavonoids, and this may be a useful 
topic to follow up. Carbohydrates, as well as influencing the biosynthesis of 
anthocyanins, were also found to affect the colour of the anthocyanin molecule itseJ:.t: 
although this was not actually a copigmentation effect because no change in A.max 
occurred (Chapter 2). Starches (amylose and amylopectin) with their helical structures, 
and other carbohydrates which formed inclusion complexes (cyclodextrins) decreased the 
intensity of the anthocyanin colour. In contrast, sugars (glucose, maltose and sucro~e) 
increased the colour intensity shown by anthocyanins. These effects may be important in 
determining the colour of the final potato product, especially in cooked potatoes when 
the cellular structure is altered, because the tuber contains large quantities of starch, and 
also variable concentrations of sugars, which may alter the anthocyanin and tuber colour. 
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8.2 The life of a coloured potato 
An important part of this thesis was the study of coloured tubers as a food product. 
Assuming that the consumer wants an intensely coloured tuber for use in products such 
as novelty coloured potato chips or coloured potato salads, any factor which influences 
the colour of the end product is important. Therefore, the tuber and its colour was 
followed from tuberization to the final product. 
Concentration, rather than amount, of anthocyanins in tubers was measured because 
concentration rather than the amount of anthocyanin per tuber per se, is important in 
determining the intensity of colour. Newly initiated tubers typically started off with no 
colour, and the rate of anthocyanin production of developing tubers depended on the 
cultivar, with tubers that contained a higher final anthocyanin concentration having more 
rapid production of anthocyanins in the developing tuber (Chapter 4). As the size of the 
tuber increased, so did the anthocyanin concentration, up to a maximum at a certain 
tuber size, which depended on the cultivar, after which the concentration remained 
constant, or often decreased in the larger tubers. The concentration of anthocyanins at 
the stem end of the tuber remained higher than at the bud end until the maximum 
anthocyanin concentration for that cultivar was reached, when concentrations became 
similar in both ends. The timing of harvest (with respect to tuber size) is important to 
enable tubers with a maximum anthocyanin concentration (i.e. colour) to be harvested. 
Enviroumental conditions and mineral, nutrient and water availabilities may also affect 
the anthocyanin concentration, but were not studied here. However, in general, 
environmental and nutritional stress tends to induce an increased production of 
anthocyanins. 
Although anthocyanins, when present, contribute the major colour in potato tubers, 
carotenoids may also play a significant role in tuber colour, especially in the flesh of 
tubers when anthocyanins are absent. The concentration of carotenoids was highest in 
small tubers «lOg) and decreased as the tuber increased in weight. This change was the 
opposite pattern to that which occurred for anthocyanin biosynthesis. 
Storage conditions were also important in the final colour ofthe tuber, and cold storage 
(4°C) was found to increase the anthocyanin concentration, whilst storage at warmer 
temperatures (above lOOC) resulted in a small loss of anthocyanins (Section 4.4.3.3). 
Therefore, the usual storage conditions for potato tubers (at about 4°C to reduce sprout 
growth and disease) are also ideal for maximum anthocyanin colour. The increase in 
anthocyanins in cold storage appeared to be related to carbohydrate metabolism because 
the sugar concentration in tubers is found to increase after cold storage caused by the 
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degradation of starch. Additionally, there was a change in the distribution of the 
anthocyanin within the tuber during cold storage, with higher concentrations of 
anthocyanins found towards the bud end than the stem end after storage (instead of 
higher concentrations at the stem end, as was found in developing tubers). 'This 
increased concentration at the bud end is also thought to be associated with carbohydrate 
metabolism, and the increase of sugars found at the bud end due to sprout fonnation 
(Chapter 4). 
For the consumer it is important that highly coloured tubers retain their colour during 
cooking, and that the final product is coloured. It was found that during nonnal cooking 
(boiling, steaming or crisping), there was no thermal degradation of anthocyanins, and 
intensely coloured products were produced (Chapter 7). Although some loss of colour 
was found after two to three times the normal length of cooking time, these tubers were 
vastly overcooked. The only significant loss of anthocyanin when potatoes were cooked 
for the nonnallength of time was caused by leaching from cut tissues when boiling, and 
therefore coloured tubers should be cooked whole and cut up after cooking (e.g. for 
potato salads) for maximum retention of colour. 
8.3 Expression of different pathways 
The concentrations of flavonoids and phenolic acids were found to increase in diseased 
tubers infected with Phytophthora infestans (Chapter 3.5.4). In particular, some 
flavonoids were found in diseased tubers which were not detected in healthy tubers. 'This 
suggested that the expression of flavonoid pathways in tubers was altered by disease. 
There appeared to be differential expression of anthocyanins, flavonoids and phenolic 
acids in tubers, and also different expression of these classes of compounds between 
tubers and the flowers and leaves. Tubers contained low concentrations of flavonoids 
(other than anthocyanins) (200-300J.1g/gFW) and high concentrations of phenolic acids 
(2000-5000J.1g/gFW), whilst flowers and leaves contained high concentrations of 
flavonoids (lOOO-3000J.1g/gFW) and low concentrations of phenolic acids (400-1100J.1 
g/gFW). In coloured tubers, the phenylpropanoid pathway through to the phenolic acids 
and also the anthocyanin pathway were both very active producing high concentrations 
of phenolic acids and anthocyanins. However, the other flavonoid pathways (e.g. 
flavonol, flavone) appeared to have no, or very low, through-put. Therefore, in tubers 
there appeared to be a block in all the flavonoid pathways (except anthocyanins). The 
expression of these pathways in flowers and leaves was different from that shown by 
tubers, because in flowers and leaves the concentration of flavonoids (other than 
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anthocyanins) was high, and the concentration of phenolic acids relatively low. There 
were also differences between species in the production of some flavonoids in the 
flowers and leaves. The total concentration of flavonoids was similar in most cases, but 
the composition varied, with most of the S. tuberosum cultivars having high 
concentrations of Qu-glycosides, whilst most of the imported Solanum species had low 
concentrations of the Qu-glycosides, except rutin which remained relatively high. Of the 
imported species which had high concentrations of the Qu-glycosides, two of these (S. 
stenotomum and S. sparsipilum) are believed to be ancestors to S. tuberosum. There 
were other significant differences between S. tuberosum cultivars and the other imported 
Solanum species. S. tuberosum flowers typically contained lower concentrations of 
f1avonoids and phenolic acids, whilst tubers and leaves contained higher concentrations 
of flavonoids, compared with other Solanum species. 
The anthocyanin, flavonoid and phenolic acid pathways in tubers also showed differential 
expression after exposure to light. In experiments carried out with foil-covered 
minitubers (i.e. minitubers in the dark), there was no anthocyanin present in foil-covered 
minitubers before the leaves were exposed to light, but after light exposure there was a 
huge increase in anthocyanin concentration (Section 5.4.9). The flavonoids showed a 
three-fold increase after light exposure, but in contrast to anthocyanins and flavonoids, 
the phenolic acids showed no change in concentration in minitubers after the leaves were 
exposed to light. Therefore, these three pathways in the tuber all showed different 
responses in expression after exposure ofthe leaves to light. 
It appears that there may be the potential for all parts of the pathways to be active, but 
with different expression and regulation. This suggests that instead of one pathway with 
branches, there may be parallel pathways, for example, the anthocyanin, flavonol and 
flavone pathways operate in parallel pathways. 
8.4 Effect of light 
-
Anthocyanin production in coloured tubers, and also other red or purple vegetables 
formed underground, for example radishes, occurs completely in the dark. This is 
surprising and unusual because most plants and plant organs require direct light for the 
production of anthocyanins; most flowers require light for their colour to become 
visible, and many fruits require light for the expression of red colour associated with 
ripening. For example, if apples which usually ripen to a red colour are covered and kept 
in darkness, they will remain a yellow or green colour with no production of the red 
anthocyanins usually associated with ripening. It is even possible to expose only a small 
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portion of the apple to light, with the remainder in the dark, and then anthocyanin 
production occurs only in the area exposed to light. 
At the start· of this thesis it was hypothesised that potato tubers were unusual and 
different from these other plants and plant .organs, and could produce anthocyanins 
without the requirement oflight. Therefore, a major aim ofthis thesis was to investigate 
the question of ''how do potato tubers produce anthocyanin in the dark?" It was hoped 
that the answer( s) to this question may aid in the establishment of genetic manipulation 
techniques to enable the production of anthocyanins in flowers and fruit independent of 
light. However, it was found that whilst tubers of some cultivars (e.g. RKE and 
Urenika) could produce anthocyanin with no light, others (e.g. Desiree) produced none, 
and in all cultivars the exposure of the plant to light resulted in the increased production 
of anthocyanins (Chapter 5). Therefore, although tubers do produce anthocyanin in the 
dark they are similar to all other plants in that exposure to light increases the production 
of anthocyanins. Consequently, the questions were re-directed towards "how do the 
tubers detect that the aerial parts of the plant are exposed to light?", "what effector 
molecule( s), if any, are transported from the leaves to the tubers?", "what are the effects 
of different light intensities and wavelengths on anthocyanin production in the tubers?". 
8.4.1 Is a carbohydrate or "trigger" compound responsible? 
It was confirmed that in the field no light reached the growing tubers, so that 
anthocyanin production in tubers occurred in total darkness (assuming that the 
anthocyanins themselves were not transported to the tubers from the photosynthetic 
palts of the plant). The experiments carried out during the course of this thesis (mainly 
using minitubers as experimental tools) indicated that light exposure of the aerial parts of 
the plant was either essential for, or vastly increased, the production of anthocyanins in 
tubers (Chapter 5). This was confirmed by other experiments, for example, after the 
light exposure of plantlets with foil-covered minitubers (i.e. minitubers in the dark 
attached to the plantlet), the anthocyanin concentration in the covered minitubers 
increased, almost to the concentration of minitubers kept uncovered and in the light 
(Section 5.4.9). It was also found that, in dark grown minitubers removed from the 
plantlet and exposed to light, anthocyanin production was limited (Section 5.4.8). 
Therefore, the first important conclusion was that light was important in anthocyanin 
biosynthesis in potato tubers, and that it was the exposure of the aerial parts of the plant 
(i. e. leaves and stem) that was important, not just the exposure of the tubers to light. 
Hence, potatoes appear to be different from other plants, especially when compared with 
fruit where, for example in apples, direct light exposure of the fruit is necessary for the 
synthesis of anthocyanins, whereas in potato tubers direct light on the tuber is not 
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required, but indirect light is necessary for maximum anthocyanin production. For 
Desiree minitubers, there appeared to be a maximum anthocyanin concentration (about 
3.2ng/cm2SA) attainable, and exposure of the tuber, as well as the leaves, to light only 
increased the rate of anthocyanin synthesis, not the final anthocyanin concentration 
(Chapter 5). 
So, how does the tuber know that the aerial parts of the plant have been exposed to 
light? The results indicate that there was transport of some signal molecule from the 
light exposed parts to the tubers after light exposure (Chapter 5). It was thought that 
this signal may be a carbohydrate or a "trigger" compound. TranspOlt of carbohydrates 
from the leaves to the tubers is known to occur, and provide "food" for the roots, 
rhizomes and growing tubers but, was carbohydrate responsible for inducing anthocyanin 
biosynthesis? From experiments carried out during the course of this thesis, it was 
proposed that an adequate supply of carbohydrate to the tuber was required for 
production of anthocyanins. It appeared that carbohydrates were used in the growth of 
the photosynthetic parts of the plant first, then in the production of tubers and, only if 
there was sufficient carbohydrate remaining, was it used for secondary metabolism and 
the production of phenolic acids, flavonoids and anthocyanins. However, it seemed that 
an adequate carbohydrate supply was not all that was necessary for the production of 
anthocyanins because, if Desiree minitubers were kept in the dark, no anthocyanin was 
produced even though excess sucrose was supplied in the medium. Thus, exposure of 
these plantlets to light was necessary for anthocyanin synthesis and to initiate the 
production and/or transport of a "trigger" .molecule to the tubers where, if there was 
sufficient carbohydrate, anthocyanin production began. This hypothesis of transport of 
molecules (carbohydrate and "trigger") from the leaves to the tubers is supported by the 
fact that, in both field grown tubers and minitubers, anthocyanin production began in that 
part of the tuber closest to the stem (stem end), and spread gradually towards the bud 
end. 
Why are the tubers of only some cultivars coloured, whilst tubers of many other cultivars 
remain white? Experiments with grafted potatoes (Section 5.4.10) suggested that only 
tubers which were genetically competent were able to produce anthocyanins. It was not 
just the presence of the effector molecule(s) which determined whether or not 
anthocyanin was produced. Therefore, from the resuJts of the grafting experiments, it 
was hypothesised that, for a tuber to be coloured it must 1) have the genetic capability 
for anthocyanin production in the tubers (which may involve the recognition of the 
"trigger" molecule), 2) produce and/or transport a "triggd' molecule from the leaves to 
the tubers and, 3) have adequate carbohydrate left over from primary metabolism fOT 
secondary metabolism and the production of anthocyanins, with both the production of 
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the "trigger" compound and carbohydrates being light dependent. This was confinned by 
results from Chapter 3, where regulation was thought to be controlled by substrate 
limitation. However, this hypothesis of genetic capability is confused by the work of 
Brown and Riley (1976) who found that during the normal growth of "white" skinned 
tubers no anthocyanin was produced, but after harvest the direct exposure to light of 
tubers resulted in anthocyanin production. This suggests that these "white" skinned 
tubers did have the genetic capability to produce anthocyanin, but why was no 
anthocyanin produced under normal growth? There are a number ofpossibilities; 1) no 
"trigger" was produced, however this has been proved unlikely by the grafting 
experiments or, 2) the "trigger" was not recognised by the tuber so anthocyanin 
production was not induced, and the direct exposure of the tissue to light induced a small 
amount of enzyme activity directly, without the need for a "trigger". This is supported 
by results with minitubers (Section 5.4.8) where minitubers removed from the plant and 
exposed to light produced small quantities of anthocyanin, whilst higher anthocyanin 
production resulted when the minituber remained attached to the light exposed plant. 
This suggests that" direct light to the tuber results in small amounts of enzyme activities 
and anthocyanin production, whilst indirect light and the proposed transport of "trigger" 
compound results in higher enzyme activities and anthocyanin production. It also 
suggests that all cultivars contain the genes for anthocyanin production (but perhaps not 
the ability to recognise the "trigger" compound). This is backed up by results from 
Section 3.5.4 where diseased tubers contained flavonoids not present in healthy tubers, 
so in healthy tubers the genes were present but not active. The different responses of 
different cultivars suggest that there may be varying threshold for the "trigger" 
compound in different cultivars. 
The production of anthocyanins after light exposure appeared to be a high irradiance 
response (HIR) because short bursts of light had no effect on anthocyanin production, 
and up to eight hours of light was required before there was significant anthocyanin 
synthesis (Section 5.4.6). Anthocyanin production was induced by red, blue and purple 
light, which suggests that this response was mediated by phytochrome and cryptochrome 
(Section 5.4.5). Exposure of dark grown tissue-cultured plantlets and minitubers to light 
-
resulted in the increased activity of the whole secondary pathway involved with 
anthocyan ins, and increased the final concentrations of phenolic acids, flavonoids and 
anthocyanins. All the enzymes tested (PAL, C4H, cm, F3H, F3'H, DHR and GT) 
showed increased activity after light exposure (Section 5.4.7). It would be interesting to 
determine whether the enzyme activities of covered minitubers (in the dark) with the 
plantlet in the light, showed similar enzyme patterns. That is, to determine whether it 
was the direct effect of light on the tubers which caused these increases in enzyme 
activities or whether the increases were caused by the "trigger" molecule. More work 
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needs to be carned out to determine the effects of different wavelengths and different 
light intensities on the biosynthesis of anthocyanins in potato tubers, and the changes in 
enzyme activities and mRNA levels. 
In conclusion, anthocyanin biosynthesis in potato tubers has a different regulation of 
colour compared with fruit and flowers in general, and even the flowers and leaves ofthe 
potato plant. Although direct light on to the tuber is not required for production of 
anthocyanins, as it is in many fruit, exposure of the leaves to light is necessary for 
maximum synthesis. Therefore, the shoot is important in mediating anthocyanin colour 
in tubers, probably via a IItriggerll compound transported to the tubers, although an 
adequate supply of carbohydrate is also necessary. There appeared to be different 
thresholds for the IItrigger" compound in different cultivars. 
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APPENDIX 1 
Potato characteristics 
Table Ai.i Parentage of Solanum tuberosum cultivars used. 
Arran Victory 
Blue Derwent 
Catriona 
Desiree 
129 
153 
Kowiniwini 
Maori Chief (139) 
Moe Moe (I50) 
M10 
Ngaoutiouti (143) 
Northern Star 
Old Red (128) 
060/1 
Poiwa (1145) 
Raupi (Il97) 
Red Flesh 
Red Rascal 
Red Rocks (I51b) 
Rua 
Russet Burbank 
Skerry Blue (1164) 
Stage II Blue 
Tekau 
Urenika 
Whitu 
177/3 
289/3 
1858.21 
761/1 
uncertain - possibly Suttons Abundance x self 
unknown 
unknown - bred by A Findlay in 1920 
Urgenta x Depesche 
unknown 
unknown 
unknown 
selection from Northern Star 
unknown 
unknown 
unknown 
unknown - bred by A. Findlay in 1900 
unknown 
imported from Scotland 'Neotuberosum' 
unknown 
unknown 
Stage II Blue x Rua 
Tekau x Desiree 
unknown 
Katahdin x Harford 
sport of Burbank 
unknown 
Urenikax V431-14 
1584c(10) x [109-3 x 119-227] 
unknown - probably synonymous with Congo 
Dakota x [1512c(16) x 119-227] 
Tekau x V394 
1067-47 x V394 
Golden Wonder x 3069abc(3) 
S. stenotonum x S. phureja diploid from Scotland 
Note all cultivars are tetraploid (S. tuberosum), except 761/1 which is diploid 
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Table Al.2 Characteristics of Solanum tuberosum cultivars used. 
Cultivar Tuber - skin colour Tuber - flesh colour Flower colour 
Arran Victory purple (often scattered) white, purple vas. tissue light purple 1 white 
Blue Derwent medium-dark purple white, purple vas. tissue 
Catriona brown with purple eyes white purple 1 white 
Desiree pink/red yellow light purple 1 white 
129 medium pink yellow white 
153 medium-dark purple purple and white inside vas. white 
ring, white ouside vas. ring 
Kowiniwini medium-dark purple yellow dark purple 
with white spectacles 
Maori Chief (139) scattered purple white white 
Moe Moe (150) light purple yellow, purple vas. tissue pmple 
M10 brown yellow white 
Ngaoutiouti (143) light purple, scattered yellow pmple 
Northern Star brown white 
Old Red (128) dark purple white 
060/1 medium red yellow light purple 
Poiwa (1145) light purple yellow-purple vas. tissue purple 1 white 
Raupi (1197) brownllight purple white purple 1 white 
Red Flesh dark red redJpink inside vas. ring, mostly white 1 some pink 
yellow outside vas. ring 
Red Rascal pink/red white light purple 1 white 
Red Rocks (151 b) light pink white white 
Rua white white white 
Russet Burbank brown white white 
Skerry Blue (1164) medium purple white, purple vas. tiissue white 1 purple 
Stage II Blue dark purple/black purple inside vas. ring, white 
white outside vas. ring 
Tekau white (with purple eyes) white white 
Urenika dark purple/black dark purple white and purple 
Whitu white white 
177/3 brown yellow purple / white 
289/3 white (with some purple) yellow purple 
1858.21 white (with pink eyes) white white 
Diploid white yellow very dark purpJe/blue 
vas. = vascular 
Note for flower colour, where two colours are noted the flower is striped and the predominant colour is listed first. 
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Table At.3 Characteristics of Solanum species and lines used 
SI!ecies line %germ habit Rlant skin colour flower colour 
S. acaule ACL2113 76 S 1 white light purple 
7 white white 
11 white white 
S. acaule ACIAEM3734 16 S 2 white light purple 
4 white light purple 
S. berthaultii BER4036 8 M 1 white dark purple 
2 white purple f white 
S. gourlayi GRL2480 72 T 6 white purple 
9 light purple around eyes purple 
S. oplocense OPL3777 32 M 4 white purple 
8 white light purple 
S. sanctae-rosae SCI' 3269 88 S 2 white dark purple 
17 white dark purple 
S. santae-rosae SCT3779 52 S 6 light purple white 
12 white purple 
13 light purple around eyes purple f white 
S. sparsipilum SPL3488 76 M 2 light purple around eyes purple 
6 light purple around eyes purple 
S. sparsipilum SPL3563 60 M-T 2 light purple around eyes dark purple 
3. light purple around eyes dark purple 
S. speggazzinii SPG3745 60 T 6 some light purple white 
7 light purple white flight purple 
S. speggazzinii SPG3791 72 T 2 some light purple white flight purple 
15 some light purple white flight purple 
S. stenotomum STN4711 48 T 5 white white flight purple 
12 white white flight purple 
%germ:- percentage germination of imported seeds 
habit:- S small, M=medium, T=tall 
plant:- plant number assigned by NZ Institute for Crop and Food Research, Linco1n 
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Retention times and chromatographic properties of selected standards. 
Compound Ret 
time 
3.4 60.5 53.8 
92.1 63.1 
ND ND ND 
83.8 65.6 294 
96.0 78.1 302 
88.0 68.1 276 
12.6 90.5 71.9 262 292 
Cinnamic acids 
caffeic acid 9.3 77.2 35.6 322 
chloro enic acid 7.8 61.9 65.8 326 
t-cilUlamic acid 30.9 ND ND 
coumaric acid 92.8 49.4 310 
ferulic acid 84.6 43.1 322 
5ina ic acid 79.2 38.1 
Flavonols 
kaempferol 35.8 83.2 1.9 366 
Km-3-rnt 24.7 60.1 60.6 346 
25.3 37.9 0.0 510 370 
30.6 62.9 1.2 sl 366 
21.1 ND ND ND 362 
21.9 59.4 29.7 fo 352 
24.4 ND ND ND ND 350 
22.5 ND ND ND ND 352 
21.7 46.7 47.5 fo 352 
5.2 
10.4 
26.8 90.0 35.0 286 324sh 
30.7 ND ND ND ND 288 
32.0 96.8 42.5 
ND ND 
7.6 44.3 
54.4 
Flavones 
a i enin 35.5 92.8 4.4 266 338 
luteolin 31.1 77.2 1.9 254 348 
ucoside 21.0 ND ND ND 266 344 
18.4 
17.7 
20.7 
17.2 536 
24.2 538 
23.0 510 
Appendix 2 continued ... 
Compound Ret Rf(a) ~(l) Colour of spot 
Coumarins 
aesculetin 
4-hydroxycoumarin 
scopoletin 
Proanthocyanidins 
procyanidin B2 
procyanidin B5 
f = fluorescent 
sl slightly 
bl blue 
br brown 
gr green 
Sugars 
rut - rutinoside 
glu - glucoside 
gal - galactoside 
rha - rhamnoside 
xyl - xyloside 
time 
7.9 
21.8 
17.6 
6.2 
18.8 
ND 
ND 
ND 
ND 
ND 
ND IND 
ND=JND 
ND ND 
ND IND 
ND I ND 
o=orange 
p=purple 
pk=pink 
r=red 
y=yellow 
(2) 
ND 
ND 
ND 
ND 
ND 
Flavonoids 
Pg - pelargonidin 
Cy - cyanidin 
Dp - delphinidin 
Mv - malvidin 
Km - kaempferol 
Qu - quercetin 
Amax (nm) wavelength (nm) of maximum absorbance 
- no colour 
ND not determined 
(3) 
ND 
ND 
ND 
ND 
ND 
Ret time Retention time for analytical C18 HPLC, see Chapter 3 for method 
(a)Rf(x 100) BAW 
(b) Rf (x 100) 15% HOAc 
(I) Visible colour of spot 
(2) Colour of spot under UV light 
(3) Colour of spot under UV light after exposed to NH3 fumes 
(4) Colour of spot after spraying with NA reagent, viewed under UV light 
(5) Colour of spot after spraying with Na carbonate, viewed under UV light 
(4) 
ND 
ND 
ND 
ND 
ND 
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~~~(nm) 
(5) 
ND 296 342 
ND 282 298sh 
ND 294 342 
ND ND 
ND ND 
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APPENDIX 3 
Concentration (tJg/gFW) of phenolic acids, flavonoids and anthocyanins in 
Solanum tuberosum cultivars 
Key 
Phenolic adds 
gal 
pro 
p-ben 
cbl 
caf 
UPl 
van 
syr 
coum 
fer 
UP2 
sin 
sal 
UP3 
cinn 
Flavonoids 
cat 
epicat 
2a 
2b 
UFl 
q-3-gal 
q-3-glu 
eriod 
Km-3-r 
My 
UF2 
uarin 
gallic acid 
protocatechuic acid 
p-hydroxybenzoic acid 
chlorogenic acid 
caffeic acid 
unknown phenolic acid 1 
vanillic acid 
syringic acid 
p-coumaric acid 
ferulic acid 
unknown phenolic acid 2 
sinapic acid 
salicylic acid 
unknown phenolic acid 3 . 
cinnamic acid 
catechin 
epicatechin 
flavonoid 2a (quercetin-glucose-rhamnose) 
flavonoid 2b (quercetin-glucose-rhamnose) 
unknown flavonoid 1 
quercetin-3-galactoside 
quercetin-3-glucoside 
eriodictyol 
kaempferol-3-rutinoside 
myricetin 
unknown flavonoid 2 
naringenin 
Anthocyanins 
UAI (14.2) 
UA2 (15.8) 
Dp-3-r 
Cy-3-r 
UA3 (23.0) 
Pg-3-r 
Mv-3-r 
anth-l 
Pn-gly (25.3) 
anth-3 
anth-2 
UA4 (28.0) 
UA5 (34.2) 
* 
** 
flowers1 
flavonoidsx 
a 
WflIwsk 
WflIcolsk 
PurflJpursk 
Redfllredsk 
unknown anthocyanin 1- retention time 14.2min 
unknown anthocyanin 2 - retention time 15.8min 
delphinidin-3-rutinoside 
cyanidin-3-rutinoside 
unknown anthocyanin 3 - retention time 23. Omin 
pelargonidin-3-rutinoside 
malvidin-3-rutinoside 
petunidin-3-(p-coumaroyl-rutinoside)-5 -glucoside 
peonidin-glycoside - retention time 25.3min 
pelargonidin-3-(p-coumaroyl-rutinoside)-5-glucoside 
malvidin-3-(p-coumaroyl-rutinoside)-5-glucoside 
unknown anthocyanin 4 - retention time 28.0min 
unknown anthocyanin 5 - retention time 34.2min 
1992/93 season 
1993/94 season 
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plants that did not flower, or did not produce enough flowers for analysis 
sum of total flavonoids excluding myricetin and UF2, as in a number of 
cultivars reliable concentrations of these compounds could not be 
obtained (see 'a'), so all totals were comparable 
due to co-elution of myric~tin and UF2 with anthocyanins, reliable 
concentrations of these could not be determined 
not detected (i.e. concentration equals zero) 
white flesh/white skin 
white flesh/coloured skin (red or purple) 
purple flesh/purple skin 
red flesh/red skin 
Table A 3.1 Phenolic acids 
Cultivar gal pro p-ben chI caf UP1 van syr coum fer 
Arran Victory * skin 9.6 420.2 - 2011.9 174.2 63.2 85.2 10.5 17.8 18.7 
* flesh 5.1 202.0 - 340.6 1.4 51.0 - - 23.0 0.7 
** skin 10.4 258.6 - 2689.8 579.5 173.0 40.0 29.5 6.9 13.6 
** flesh 3.3 167.2 - 133.5 10.2 8.6 14.2 0.7 2.2 1.1 
* flowers 1 
* leaves 14.5 48.0 - 479.0 4.6 104.2 - 7.4 3.3 4.0 
Blue Derwent * skin 11.8 516.0 - 2697.4 145.1 81.5 99.9 15.3 15.1 26.7 
* flesh 6.1 84.6 - 162.2 - 28.5 - - 5.2 0.5 
** skin 7.9 372.6 - 3680.8 445.3 124.5 78.4 16.5 3.3 10.8 
** flesh 1.6 61.7 - 157.6 2.8 28.2 - - - 1.6 
* flowers1 
* leaves 9.8 26.1 21.0 255.2 - 41.9 - - 1.6 1.1 
Catriona * skin 9.6 325.0 - 1192.7 83.9 33.4 72.0 3.5 2.7 7.4 
* flesh 5.2 73.0 - 38.9 - 6.6 - - 9.2 -
** skin 13.0 314.3 - 2279.3 294.0 134.8 35.5 13.7 6.0 11.0 
** flesh 2.4 76.9 - 22.8 3.0 5.2 - - - -
* flowers 4.3 27.9 - 802.4 3.5 21.4 - 2.4 5.6 6.7 
* leaves 21.8 86.9 95.2 512.9 5.5 49.6 - 6.6 9.2 10.4 
UP2 sin sal 
20.4 39.3 12.9 
13.2 1.4 -
35.2 29.5 13.1 
2.5 2.1 -
13.1 9.9 -
27.5 89.6 25.5 
2.3 2.7 -
9.7 14.6 10.8 
1.9 - -
5.5 4.5 -
15.6 20.7 11.4 
2.3 4.5 -
20.7 39.3 10.8 
4.4 1.0 -
7.6 3.7 -
6.8 18.4 -
UP3 cinn 
17.5 1.9 
- -
- -
- -
4.5 0.5 
- 3.0 
- -
15.5 5.2 
- -
2.1 -
6.2 1.7 
- -
13.9 3.7 
- -
5.5 0.4 
- -
total phenolic 
acids 
2785.3 
638.6 
3879.1 
345.6 
693.0 
4393.0 
292.1 
4809.9 
255.4 
368.8 
1784.1 
139.7 
3220.0 
115.7 
902.4 
823.3 
I 
:g 
g 
~ 
w 
w 
~ 
w 
Table Al.l Phenolic acids continued ... 
Cultivar gal pro p-ben chI caf UP1 van syr coum 
Desiree * skin 8.4 311.6 - 1128.7 31.3 378.6 98.4 11.4 27.7 
* flesh 6.7 258.5 - 28.3 - 7.1 4.5 - 27.6 
** skin - 295.2 - 1862.8 223.1 126.8 168.3 11.2 10.1 
** flesh - 97.4 - 159.5 - 10.1 - - -
* flowers 4.6 17.7 - 653.3 4.1 15.7 8.5 2.0 -
* leaves 14.8 38.7 - 160.1 11.9 26.7 15.9 5.1 1.7 
129 * skin 9.4 402.1 - 2194.8 122.3 403.5 62.3 8.4 5.7 
* flesh 4.4 100.5 - 66.9 1.1 11.2 5.7 - 5.2 
** skin - 368.2 - 2019.0 403.3 166.6 121.6 15.1 7.8 
** flesh 3.3 85.1 - 334.2 3.8 29.1 8.4 - 1.9 
* flowers 4.3 67.1 10.5 774.3 4.7 18.9 5.0 1.9 1.9 
* leaves 19.4 99.5 104.2 756.3 7.9 127.2 - 6.3 5.1 
153 * skin 16.7 401.8 - 1632.4 139.6 26.4 52.9 4.6 10.9 
* flesh 8.9 114.0 - 258.0 1.2 11.8 20.5 - 23.9 
** skin 11.8 393.3 - 3290.9 564.8 111.6 178.8 35.5 12.2 
** flesh - 88.0 - 285.2 6.2 27.5 38.0 - 1.0 
* flowers 5.1 14.4 8.1 608.2 2.3 16.3 7.2 3.8 -
* leaves 11.1 52.0 98.2 324.6 23.3 55.7 11.4 4.3 3.9 
fer UP2 sin sal 
23.2 17.8 75.9 89.3 
- 4.8 - -
25.2 48.2 107.6 44.8 
2.5 2.9 1.1 -
13.5 6.4 2.8 -
2.8 10.4 18.1 -
17.5 14.1 143.4 34.8 
0.5 4.9 1.5 -
24.1 34.2 26.8 25.9 
4.0 4.1 1.1 -
5.6 13.8 2.9 -
3.7 12.4 8.4 -
10.0 12.7 10.9 11.0 
0.8 4.8 3.1 -
10.6 33.7 44.4 9.2 
1.5 7.9 1.1 -
15.9 11.2 - -
9.5 - 8.7 -
UP3 cinn 
- -
- -
- -
-
-
4.1 -
3.9 0.9 
12.0 1.8 
-
-
44.0 -
5.5 -
- -
4.3 0.2 
8.5 -
- -
-
3.9 
1.9 -
6.1 -
-
-
total phenolic 
acids 
2292.3 
337.5 
2923.3 
273.5 
732.7 
311.0 
3432.1 
201.9 
3256.6 
480.5 
910.9 
1142.5 
2338.4 
447.0 
5150.7 
458.3 
698.6 
602.7 
~ 
'd 
~ 
~ 
w 
w 
~ 
Table Phenolic acids continued ... 
Cultivar gal pro p-ben chI caf UPI van syr 
Kowinhvini * skin 9.6 187.3 - 1285.0 158.4 123.6 86.8 -
* flesh 5.3 119.6 - 9.2 - 8.8 2.6 -
** skin 13.9 167.4 - 1315.6 225.6 44.8 257.9 7.1 
** flesh - 98.7 - 45.9 4.4 8.2 6.5 -
* flowers 1 
* leaves 14.9 60.1 104.7 404.5 27.2 54.8 
-
19.3 
Maori Chief * skin 12.0 227.5 - 847.0 96.3 255.6 40.6 ILl 
* flesh 5.9 94.6 - 59.8 0.8 15.5 - -
** skin - 387.3 - 976.4 246.4 209.9 52.3 30.8 
** flesh 6.1 103.8 - 63.2 0.9 16.4 - -
* flowers1 
* leaves 9.0 21.1 17.5 153.5 - 44.8 - 0.8 
Moe Moe * skin 8.9 267.5 - 1757.2 159.4 52.6 58.7 6.2 
* flesh 5.4 54.4 - 78.1 1.3 21.5 - -
** skin - 325.3 - 2041.9 280.7 105.2 111.6 14.0 
** flesh - 61.6 - 57.8 5.4 9.5 4.0 -
* flowers 4.8 32.4 - 986.1 5.4 16.3 4.4 2.6 
* leaves 14.2 36.1 65.5 382.2 - 37.6 - 0.8 
coum fer UP2 sin sal 
5.7 10.9 16.5 135.4 16.8 
31.7 
-
4.5 4.0 -
7.8 12.6 47.6 11.6 10.7 
- 2.1 5.2 - -
3.8 14.3 13.5 9.8 -
10.8 20.7 13.0 233.6 27.4 
9.5 
- 1.7 3.7 -
10.2 6.4 25.1 17.4 25.9 
8.9 - 1.6 3.9 
-
2.8 1.7 2.5 3.3 
-
2.1 15.1 8.4 27.4 7.9 
2.4 1.6 2.2 4.0 
-
10.2 9.8 43.2 28.0 6.3 
3.6 3.5 3.9 - -
1.8 10.5 10.5 1.8 -
1.8 4.0 19.0 2.3 -
UP3 cinn 
- -
- -
14.7 3.8 
- -
- -
13.7 
-
- -
14.8 2.5 
- -
3.6 
-
13.6 1.5 
- -
-
3.2 
- -
3.8 0.7 
3.1 -
total phenolic 
acids 
2036.0 
185.7 
2141.1 
171.0 
726.9 
1609.3 
191.5 
2050.4 
204.8 
260.6 
238§.5_ 
168.7 
2989.4 
149.3 
1081.1 
566.6 
i 
~ 
;>< 
VJ 
VJ 
N 
V> 
Table Phenolic acids continued ... 
Cultivar gal pro p-ben chl caf UP1 van syr COUll 
M10 * skin 8.7 215.2 - 746A 52.0 29A 183.0 3.0 2.2 
* flesh 7.0 199.9 - 28.0 - 6.6 6.5 - 26.2 
* flowers 5A 12A 6.5 471.4 4.7 19.8 - 4.3 -
* leaves 10.1 27.1 42.2 48.5 - 15A 4.7 0.7 1.8 
Ngaoutiouti * skin 6.6 211.7 - 1290.9 84.7 29.6 56.5 2.0 5.3 
* flesh 7.9 59.5 
-
56.3 
- 11.8 7.0 - 4.0 
** skin lOA 221.4 - 2175.9 292.0 94.1 75.3 4.6 5.6 
** flesh - 54.8 - 65.6 5.7 10.3 5.1 0.7 -
* flowers 6.0 78.1 
-
892.8 4.0 19.3 5.3 3.1 -
* leaves 18.5 91.7 127A 711.7 9.7 85.1 
-
6.9 3.0 
Northern Star * skin 9.6 227.9 - 748.0 95.7 43.5 192.8 10.5 2.7 
* flesh 5.7 33.0 - 48A 1.5 13.5 - - 0.6 
** skin - 250.6 - 2139.1 272.8 50.1 77.1 25.1 11.5 
** flesh 1.9 46.9 - 48.0 1.5 16.5 5.2 - -
* flowers l 
* leaves 12.6 37A 48.9 301.0 0.6 61.6 - 1.7 3.9 
fer UP2 sin sal 
5.2 4A 35.2 9.0 
1A lOA 
- -
4.1 14.5 
- -
2.0 4.6 1.6 -
9.6 3.7 26.1 5.1 
1.5 5.3 2.8 
-
8.7 17.9 20.1 4.2 
2.2 5.8 - -
9.9 12.8 - -
7.1 40.3 6.5 
-
11.0 4.2 132.6 11.8 
- -
2.9 
-
10.5 15.1 19.1 8.6 
1.1 1A - -
2A 2.7 5.9 
-
UP3 cinn 
1.8 2.1 
- -
5.8 0.7 
2.8 
-
-
1.2 
-
-
- 2.7 
- -
4.5 1.0 
8.0 0.7 
4A 2.8 
- -
26.7 2.6 
- -
2.8 0.8 
total phenolic 
acids 
1297.6 
289.3 
549.6 
161.5 
1733.0 
156.1 
2932.9 
150.2 
1036.8 
1116.6 
1497.5 
105.6 
2908.9 
122.5 
482.3 
i 
::t 
e: 
~ 
w 
w 
I:-..) 
0\ 
Table A3.1 Phenolic acids continued ... 
Cultivar gal pro p-ben chI caf UPI van syr coum 
Old Red * skin 9.6 242.1 - 1472.7 110.2 42.5 242.1 8.7 17.2 
* flesh 7.7 109.0 - 14.8 - 4.7 7.1 - 10.3 
** skin 9.7 265.3 - 2083.6 66.8 47.7 100.7 4.2 16.5 
** flesh - 144.2 - 22.5 3.9 1.9 13.6 - -
* flowers 1 
* leaves 17.9 53.9 72.6 150.8 10.4 67.4 - 6.1 6.0 
060/1 * skin 10.2 264.0 - 1605.1 213.8 30.9 61.9 8.8 7.0 
* flesh 4.4 105.0 - 156.5 2.0 13.2 44.5 - 0.8 
** skin 23.2 231.8 - 2417.2 518.7 87.5 108.7 8.4 7.0 
** flesh 3.3 81.4 - 161.7 6.3 11.1 12.8 - 0.5 
* flowers 8.5 64.9 8.2 750.1 5.2 24.6 - 2.1 6.8 
* leaves 16.7 51.0 70.2 512.5 3.5 162.1 - - 8.4 
Poiwa * skin 7.2 259.4 - 1345.0 112.0 39.8 101.3 4.0 1.3 
* flesh - 84.7 - 34.1 1.5 5.6 6.6 - 9.0 
** skin 10.3 185.4 - 1286.0 193.8 45.4 28.2 2.0 4.0 
** flesh 3.0 49.1 - 41.5 3.8 9.8 5.8 - -
* flowers 4.6 44.2 7.4 900.4 5.6 16.7 6.1 3.1 -
* leaves 18.1 35.6 94.2 212.0 17.6 32.9 - - 8.6 
fer UP2 sin sal 
11.3 13.7 131.8 17.3 
- 3.0 4.2 -
11.0 53.4 13.0 12.9 
3.2 5.6 - -
5.5 13.3 8.1 -
14.7 4.1 42.0 19.1 
- 3.0 7.8 -
8.7 38.4 9.3 17.3 
- 4.3 1.9 -
8.0 6.1 8.0 -
11.8 8.8 - -
13.7 6.0 28.5 6.7 
1.3 - 4.8 -
8.0 17.7 12.6 5.2 
- 6.2 - -
11.3 9.9 - -
5.6 23.5 6.8 -
UP3 cinn 
41.5 -
- -
30.1 5.7 
- -
2.8 -
26.4 1.8 
- -
29.5 5.8 
- -
5.2 0.4 
- 0.3 
7.7 1.2 
- -
- 2.3 
- -
4.3 0.8 
- -
total phenolic 
acids 
2360.7 
160.8 
2720.6 
194.9 
444.8 
2309.8 
337.2 
3311.5 
283.3 
898.1 
845.3 
1933.8 
147.6 
1791.9 
119.2 
1014.4 
454.9 
~ 
"d 
~ 
;.< 
w 
w 
tv 
-..l 
Table A3.1 Phenolic acids continued ... 
Cultivar gal pro p-ben chI caf UP1 van syr coum 
Raupi * skin 8.4 221.3 - 521.4 80.5 50.4 51.8 6.7 4.1 
* flesh - 53.4 - 30.8 - 7.2 14.9 - 3.1 
** skin 11.4 287.8 - 1277.0 312.3 59.8 33.0 2.0 5.3 
** flesh - 59.5 - 23.0 5.4 5.8 16.5 - 3.6 
* flowers 4.6 34.5 - 1037.8 4.8 23.8 - 3.6 -
* leaves 18.2 84.6 91.3 581.4 - 70.6 - 2.2 3.5 
RedF1esh * skin 8.2 285.7 44.4 2234.3 99.2 100.8 76.9 - 16.6 
* flesh 5.0 125.6 - 486.4 - ' 34.0 47.8 - 15.9 
** skin - 262.6 42.7 2660.0 327.9 191.2 108.6 - 9.5 
** flesh 1.9 75.8 - 408.2 9.7 48.3 47.5 - -
* flowers 4.7 16.8 6.2 789.6 4.9 56.9 - 1.8 -
* leaves 15.0 54.9 99.9 497.4 7.7 277.7 - 10.8 3.9 
Red Rascal * skin 5.8 328.1 - 1657.0 58.1 33.4 70.2 - 6.5 
* flesh 5.0 179.9 - 116.5 0.5 12.6 - 0.5 18.5 
** skin - 291.1 - 2143.5 209.0 49.8 64.8 3.2 3.4 
** flesh 2.1 105.3 - 95.1 3.1 12.0 4.2 1.3 1.4 
* flowers 4.6 8.7 5.1 680.8 4.1 20.4 - 3.3 -
* leaves 19.6 90.3 - 1268.4 14.1 138.5 - 8.1 6.0 
fer UP2 sin sal 
11.4 5.0 5.1 9.7 
- -
2.6 -
13.1 11.0 7.3 7.2 
2.9 3.6 - -
8.7 9.7 5.3 -
2.9 19.0 3.2 -
64.7 52.8 54.8 65.3 
7.2 5.8 1.6 6.5 
60.0 63.9 76.6 63.7 
17.2 2.1 - 4.3 
0.6 7.5 3.1 -
5.2 10.3 6.9 -
17.5 6.0 3.5 37.5 
1.3 7.4 1.5 -
5.5 29.4 8.9 33.8 
2.0 2.9 - -
10.9 5.4 2.3 -
7.9 28.2 6.5 -
UP3 cinn 
- 4.4 
- -
- 3.3 
- -
4.6 0.2 
3.1 0.4 
120.7 14.7 
- 0.3 
64.5 8.5 
13.6 -
2.5 0.5 
8.9 -
49.6 -
1.6 -
34.8 3.4 
6.4 -
4.5 0.3 
8.4 -
total phenolic 
acids 
975.8 
126.0 
2030.5 
120.3 
1127.9 
880.4 
3239.1 
736.1 
3889.7 
628.6 
895.1 
998.6 
2273.2 
345.3 
2880.6 
235.8 
750.4 
1596.0 
~ 
I ;;<. 
w 
w 
N 
00 
Table A3.1 Phenolic acids continued ... 
Cultivar gal pro p-ben chI caf UP1 van syr COUll 
Red Rocks * skin 11.8 317.8 - 1222.2 109.4 154.0 82.7 2.4 15.6 
* flesh 7.8 106.0 - 96.8 - 20.6 8.8 - 7.1 
** skin 18.5 162.6 - 1725.4 170.4 39.4 245.5 4.5 4.1 
** flesh - 47.9 - 42.0 2.8 5.7 7.3 - -
* flowers 5.2 16.1 - 902.1 3.7 17.7 5.4 3.2 -
* leaves 17.3 48.6 69.8 515.8 6.1 109.1 - 5.1 3.7 
Rua * skin 6.8 160.6 - 1603.8 143.9 87.5 - 2.8 3.8 
* flesh 6.2 44.6 - 27.8 0.9 . 6.7 4.5 - 0.5 
** skin - 216.2 - 1990.3 299.6 57.5 6.4 - 2.9 
** flesh - 44.8 - 27.9 3.3 6.5 7.2 - -
* flowers 4.8 31.9 - 715.5 5.2 15.2 4.8 3.1 4.2 
* leaves 14.9 66.9 55.9 585.1 - 67.6 - 4.0 1.7 
Russet Burbank * skin 9.0 245.6 - 904.6 105.4 49.2 51.7 - 5.3 
* flesh 6.9 180.3 - 18.2 1.0 5.1 1.9 - 22.9 
** skin 13.1 223.5 - 1326.9 245.7 96.5 90.7 3.1 2.8 
** flesh 1.8 69.8 - 33.2 3.9 8.2 4.1 0.6 -
* flowers 5.6 41.9 - 716.0 3.9 20.2 - 2.0 3.8 
* leaves 10.4 23.9 - 131.2 - 33.7 - 1.3 2.0 
fer UP2 sin sal 
12.6 88.6 122.9 22.0 
-
6.7 1.6 -
9.0 83.5 14.3 21.2 
- 5.6 - -
6.6 12.3 - -
4.7 9.4 - -
7.9 2.0 3.0 9.3 
- - - -
7.1 8.7 27.6 8.2 
1.8 4.2 - -
9.1 9.3 - -
2.4 26.4 - -
5.5 3.0 19.8 8.1 
-
6.8 
- -
9.5 91.7 13.5 7.6 
2.8 5.3 - -
4.8 3.5 3.9 -
0.8 9.1 3.8 -
UP3 cinn 
7.8 -
-
-
22.8 3.6 
-
-
8.8 0.3 
8.0 -
2.7 0.6 
- -
11.8 7.0 
- -
4.8 2.2 
4.0 0.5 
1.8 6.2 
- -
12.0 3.2 
- -
7.6 0.4 
- -
total phenolic 
acids 
2169.8 
255.4 
2514.8 
111.3 
981.4 
797.6 
2034.7 
91.2 
2643.3 
95.7 
810.1 
829.4 
1415.2 
243.1 
2044.9 
129.7 
813.6 
216.2 
~ 
1 
:>< 
Vol 
Vol 
tv 
'-0 
Table Al.l Phenolic acids continued ... 
Cultivar gal pro p-ben chI caf UP1 van syr coum 
Skerry Blue * skin 18.4 283.3 - 1697.0 104.8 276.8 40.3 - 9.2 
* flesh 5.1 85.8 - 151.5 - 29.4 - - 4.2 
** skin 12.5 311.5 - 2544.3 372.2 86.2 79.7 33.6 7.6 
** flesh 1.8 44.9 - 107.0 2.3 15.3 - - -
* flowers1 
* leaves 18.7 84.4 91.3 620.6 5.0 138.6 - 6.6 5.6 
Stage II Blue * skin 5.0 194.9 - 2337.9 314.6 39.7 15.9 1.4 16.8 
* flesh 4.9 107.3 - 254.2 - 16.6 2.7 - 0.4 
** skin - 202.7 - 4766.1 1026.6 62.0 26.8 0.8 7.4 
** flesh 1.6 75.8 - 359.0 7.0 40.7 26.0 - -
* flowers 6.4 7.6 9.0 595.2 3.6 56.7 - 3.0 -
* leaves 20.4 77.4 - 804.2 7.2 283.6 - 7.9 3.9 
Tekau * skin 9.0 232.4 - 841.0 36.5 33.2 - 2.2 2.8 
* flesh 4.9 89.7 - 28.4 - 7.2 6.2 - 17.5 
** skin 8.2 209.7 - 1501.3 195.9 56.6 11.3 1.3 2.1 
** flesh 2.4 53.4 - 61.4 3.0 18.9 - - -
* flowers 5.8 21.2 29.0 706.4 3.5 19.8 - 2.6 4.9 
* leaves 13.7 43.5 - 1005.0 6.8 95.7 - - 6.8 
fer UP2 sin sal 
19.3 20.3 223.5 20.8 
0.7 8.2 3.1 -
10.1 56.2 23.0 21.9 
0.9 0.9 - -
5.3 4.5 11.6 -
10.0 6.8 37.1 20.4 
2.0 3.7 4.6 -
9.3 30.9 38.2 18.2 
- 4.9 1.0 -
8.0 3.9 7.2 -
5.5 
- 9.3 -
8.5 7.7 3.4 15.6 
- 10.1 3.6 -
5.0 22.6 26.1 14.8 
- 3.5 2.5 -
5.3 3.7 2.3 -
7.1 20.4 5.0 -
UP3 cinn 
-
2.7 
- -
-
2.7 
- -
4.6 -
30.1 6.1 
- -
50.7 -
- -
5.3 0.3 
8.4 0.5 
37.9 -
-
0.7 
11.2 3.2 
- -
19.6 0.4 
6.2 0.8 
total phenolic 
acids 
2716.4 
288.0 
3561.5 
173.1 
996.8 
3036.7 
396.4 
6239.7 
516.0 
706.2 
1228.3 
1230.2 
168.3 
2069.3 
145.1 
824.5 
1211.0 
~ 
'g 
5. 
x' 
w 
w 
w 
o 
Table Al.l Phenolic acids continued ... 
Cultivar gal pro p-ben chl caf UPI van syr coum 
Urenika * skin 8.0 141.7 - 2784.2 595.3 81.4 51.5 5.9 36.2 
* flesh 5.3 122.7 - 931.4 - 55.6 76.4 2.9 8.6 
** skin 10.9 135.5 - 4039.8 726.9 184.3 87.5 2.1 11.1 
** flesh 5.5 79.6 - 878.7 19.3 45.3 141.3 4.5 -
* flowers 3.0 42.5 4.6 659.5 2.4 45.6 - 1.1 -
* leaves 10.4 23.7 16.4 203.1 0.6 138.5 - 1.2 -
Whitu * skin 10.0 123.8 - 539.8 37.5 42.7 233.4 3.5 5.2 
* flesh 4.4 79.0 - 76.2 - 14.9 7.6 - 3.5 
* flowers l 
* leaves 18.5 66.9 61.0 580.3 1.4 29.0 - 2.9 2.9 
177/3 * skin 5.1 122.2 - 557.0 71.8 73.9 39.7 1.9 2.9 
* flesh 7.9 42.8 - 13.4 - 2.0 - - 3.3 
** skin 7.2 135.1 - 1235.2 140.7 63.4 16.2 7.8 5.8 
** flesh 1.9 34.2 - 25.4 2.9 5.3 - - -
* flowers 6.4 48.9 7.3 203.2 4.3 18.8 - 1.9 -
* leaves 29.7 12.9 - 1173.2 8.1 153.2 - 11.0 12.7 
fer UP2 sin sal 
32.9 23.8 27.3 39.1 
2.8 5.5 3.2 5.6 
5.7 77.0 23.8 35.2 
10.0 38.5 - 4.9 
2.7 3.2 - -
1.2 3.6 1.7 -
5.8 2.8 35.2 4.9 
- 1.5 1.4 -
4.5 - 11.7 -
7.3 3.9 28.6 7.7 
-
3.2 - -
12.3 5.5 20.8 -
3.2 4.6 - -
8.9 7.0 3.9 -
14.4 - - -
UP3 cinn 
- 1.4 
-
1.0 
-
4.6 
-
1.4 
2.6 -
3.0 0.3 
- -
- -
3.9 -
13.1 -
- -
27.7 2.0 
- -
5.5 0.4 
- 0.8 
total phenolic 
acids 
3828.7 
1221.0 
5344.4 
1229.0 
767.2 
403.7 
1044.6 
188.5 
783.0 
935.1 
72.6 
1679.7 
77.5 
316.5 
1416.0 
i g 
~ 
w 
w 
w 
>-
Table A3.1 Phenolic acids continued ... 
Cultivar gal pro p-ben chl caf UPI van syr coum 
289/3 * skin 12.2 466.6 - 1059.0 122.7 26.7 36.2 9.7 4.4 
* flesh 6.3 119.7 - 73.7 1.5 17.4 - - 15.0 
** skin 10.9 298.6 - 1745.2 230.0 111.0 12.8 4.8 7.4 
** flesh - 63.3 - 66.7 2.6 11.8 4.3 - 0.8 
* flowers 7.1 35.9 7.2 599.0 2.4 15.6 4.6 2.7 -
* leaves 13.5 30.6 - 452.5 4.5 55.2 - - 3.4 
1858.21 * skin 5.7 107.1 - 494.7 54.2 42.7 63.0 1.1 3.6 
* flesh 5.0 50.5 - 67.2 - 18.3 - - 1.4 
** skin - 139.3 - 1069.8 152.4 85.8 21.7 4.4 2.7 
** flesh - 34.6 - 82.8 1.7 13.7 2.6 - -
* flowers 4.2 11.2 - 551.6 2.1 29.8 66.1 1.3 -
* leaves 13.6 22.6 36.4 390.1 - 38.0 - - 3.3 
Diploid * skin 5.5 310.6 27.6 945.4 14.8 62.6 51.5 - 8.1 
* flesh - 137.8 - 31.7 - 11.0 - - 12.9 
* flowers 4.2 31.8 5.6 727.9 2.7 0.8 2.1 - 2.0 
* leaves 15.8 37.3 107.9 542.1 5.9 77.0 - 3.3 11.4 
fer UP2 sin sal 
11.0 22.9 22.0 -
1.5 27.2 7.5 -
23.6 28.1 29.6 -
1.4 3.9 - -
5.9 7.5 5.8 -
1.8 - 7.1 -
4.9 2.3 21.3 6.8 
- - - -
3.1 10.4 14.2 2.0 
0.5 4.2 - -
5.5 10.0 2.3 -
0.9 4.0 3.2 -
3.6 3.0 21.5 3.8 
- 2.0 2.0 -
4.2 3.4 1.9 -
4.0 14.0 7.8 -
UP3 cinn 
5.0 3.9 
- -
7.5 2.5 
- -
4.6 0.3 
1.8 -
1.8 7.9 
- -
15.0 3.0 
- -
4.4 0.8 
- -
2.5 -
- -
17.2 0.3 
- 0.3 
total phenolic 
acids 
1802.3 
269.8 
2512.0 
154.8 
698.6 
570.4 
817.1 
142.4 
1543.8 
140.1 
689.3 
512.1 
1432.9 
197.4 
804.1 
826.8 
~ 
'd 
~ 
w 
w 
w 
N 
Table Al.2 Flavonoids 
Cultivar cat epicat 2a 2b UF1 q-3-gal rutin q-3-glu 
Arran Victory * skin 62.0 35.1 20.0 10.6 5.9 - - -
* flesh 10.8 9.6 - 4.5 - - - -
** skin 94.3 19.6 13.3 12.0 6.7 - - -
** flesh 19.6 - 7.9 - - - -
* flowers l 
* leaves 25.7 31.3 464.3 491.5 - 12.5 644.5 11.3 
Blue Derwent * skin 82.9 52.9 25.4 7.0 10.1 - - -
* flesh 7.0 - - - - - - -
** skin 74.4 31.7 10.1 6.3 6.6 - - -
** flesh 7.4 - - - - - - -
* flowersl 
* leaves 7.7 - 187.6 157.9 - 7.1 257.0 1.9 
Catriona * skin 59.6 46.3 20.5 4.6 - - - -
* flesh - - - - - - - -
** skin 113.2 101.4 6.9 13.7 - - - -
** flesh 3.8 - - - - - - -
* flowers 43.4 10.2 19.8 21.9 19.4 20.9 1356.4 4.5 
* leaves 45.5 34.5 15.8 9.1 4.4 4.0 883.5 9.8 
eriod Km-3-r My 
56.9 29.3 a 
0.8 1.4 a 
29.8 
-
a 
-
1.5 a 
6.7 20.1 4.8 
46.1 a 
2.2 
- -
16.2 
-
a 
- -
a 
3.1 15.2 
-
53.3 17.8 3.4 
- - -
27.3 11.6 a 
0.9 
- -
3.3 53.7 10.8 
14.1 40.9 6.0 
UF2 narin 
a 69.8 
a -
a 151.1 
-
0.9 
2.7 2.8 
a 65.5 
- -
a 97.4 
- -
- -
15.7 4.9 
- -
a 57.2 
- -
12.8 1.1 
6.1 7.4 
total 
flavonoidsx 
289.6 
27.1 
353.9 
29.9 
1710.7 
289.9 
9.2 
242.7 
7.4 
637.5 
207.0 
0 
331.3 
4.7 
1554.6 
1069.0 
I 
~ 
~ ~ 
w 
w 
w 
w 
Table A3.2 Flavonoids continued ... 
Cultivar cat epicat 2a 2b UP1 q-3-gal rutin q-3-glu 
Desiree * skin 62.8 83.7 22.7 - 1.8 - - -
* flesh 15.3 - - - - - - -
** skin 100.4 42.6 24.4 - 3.5 - - -
** flesh 5.3 - 4.9 - - - - -
- * flowers - 15.1 1477.2 94.1 4.1 13.5 484.3 6.1 
* leaves 31.7 25.9 463.2 79.3 3.3 13.3 90.8 2.9 
129 * skin 65.3 73.7 6.2 7.5 - - - -
* flesh 23.9 - 1.7 3.1 - - - -
** skin 98.1 118.7 21.6 8.8 - - - -
** flesh 15.3 - 8.9 - - - - -
* flowers 34.8 20.6 642.5 507.4 - 27.8 660.2 5.1 
* leaves 40.6 29.4 422.0 510.7 - - 273.3 3.3 
153 * skin 37.1 49.1 31.6 5.6 6.7 - - -
* flesh 19.4 - - 2.0 5.4 - - -
** skin 89.1 156.1 40.1 23.4 8.3 - - -
** flesh 14.1 - - 1.7 3.6 - - -
* flowers 25.4 16.0 1224.8 78.1 8.3 8.7 1161.5 9.4 
* leaves 33.9 28.4 597.4 59.9 6.3 15.1 244.8 -
eriod Km-3-r My UP2 
2.6 114.1 a a 
- - -
-
25.6 89.2 a -
- - - -
3.1 26.7 4.3 9.2 
7.1 7.6 3.4 6.3 
32.2 1.0 a a 
0.5 - - -
24.7 0.6 - a 
2.1 
- - -
2.3 31.2 3.7 2.9 
9.5 26.5 5.3 1.8 
31.4 38.2 a a 
2.5 - a a 
28.7 37.8 a a 
0.7 - a a 
3.5 20.1 6.1 5.0 
7.6 12.4 10.4 2.6 
narin 
49.2 
-
106.6 
-
3.3 
1.1 
69.6 
2.6 
100.8 
1.4 
1.5 
1.0 
61.6 
-
164.9 
0.7 
2.9 
-
total 
flavonoidsx 
336.9 
15.3 
392.3 
10.2 
2127.5 
725.2 
255.5 
31.8 
373.3 
27.7 
1933.4 
1316.3 
261.3 
29.3 
548.4 
20.8 
2558.7 
1005.8 
, 
;g 
~ 
;.< 
Vol 
Vol 
Vol 
.j::. 
Table Al.2 Flavonoids continued ... 
Cultivar cat epicat 2a 2b UF1 q-3-gal rutin q-3-glu 
Kowiniwini * skin 40.1 49.7 5.3 - 6.8 - - -
* flesh 3.6 - - - - - - -
** skin 49.4 59.6 20.4 - 5.0 - - -
** flesh 5.8 - 5.0 - - - - -
* flowers 1 
* leaves 55.9 36.0 472.3 458.9 - 16.6 253.0 3.0 
Maori Chief * skin 62.0 72.1 9.2 - 10.5 6.9 - -
* flesh 7.0 - - - - - - -
** skin 75.2 59.6 47.9 - 18.6 7.5 - -
** flesh 6.7 - - - - - - -
* flowers 1 
* leaves - - 181.0 110.1 1.3 2.4 239.0 2.1 
Moe Moe * skin 40.4 84.9 30.2 9.0 - - - -
* flesh 5.7 - - - - - - -
** skin 63.5 92.3 25.0 8.7 4.7 - - -
** flesh 7.0 - - - - - - -
* flowers 36.5 14.8 538.9 505.9 28.7 11.2 642.3 5.8 
* leaves 28.7 16.7 317.4 460.8 - 26.0 157.5 3.6 
eriod Km-3-r My 
61.0 - a 
1.0 
- -
9.7 - a 
- - a 
17.9 19.9 1.0 
44.8 18.3 a 
- - -
14.1 20.7 a 
- - -
2.8 12.7 -
29.1 22.2 a 
0.8 - -
7.9 39.3 a 
- - -
3.8 44.1 17.5 
5.6 21.7 -
UF2 narin 
a 60.5 
- -
a 66.1 
-
3.2 
1.1 0.6 
a 55.2 
- -
a 67.2 
- -
- -
a 72.0 
- 1.0 
a 95.8 
-
0.7 
2.3 2.4 
- -
total 
flavonoidsx 
239.7 
4.6 
219.2 
15.6 
1334.1 
279.0 
7.0 
310.8 
6.7 
551.4 
287.8 
7.5 
337.2 
7.7 
1834.4 
1038.0 
~ 
'g 
:= 
e: 
x 
w 
w 
w 
VI 
Table Al.2 Flavonoids continued ... 
Cultivar cat epicat 2a 2b UF1 q-3-gal rutin q-3-glu eriod 
M10 * skin 50.7 21.2 - 18.6 - - - - 17.9 
* flesh 4.0 - - - - - - - -
* flowers 22.4 9.7 242.1 123.6 9.3 24.3 618.3 6.4 3.3 
* leaves - - 111.0 72.9 2.3 6.3 265.4 - 2.9 
Ngaoutiouti * skin 37.8 - 4.7 1.4 - - - - 16.8 
* flesh 3.6 - - - - - - - -
** skin 83.0 - 16.9 5.9 - - - - 5.7 
** flesh 7.3 - 2.4 - - - - - -
* flowers 48.4 18.0 500.6 493.4 23.7 11.3 545.4 58.3 3.9 
* leaves 45.3 32.8 583.7 790.6 - 68.3 377.3 12.0 12.6 
Northern Star * skin 45.0 - 11.7 2.4 4.8 - - - 36.2 
* flesh - - - - - - - - 1.7 
** skin 56.7 - 63.8 25.7 - - - 7.1 5.2 
** flesh 5.6 - 4.5 1.7 - - - - -
* flowers 1 
* leaves 17.8 6.4 260.9 223.2 - 10.1 351.6 4.7 5.1 
Km-3-r My UF2 
14.9 4.9 16.8 
- - -
31.8 3.5 4.5 
25.0 1.5 -
11.1 a a 
- - -
9.2 a a 
- - -
43.1 12.7 17.9 
36.1 3.8 6.9 
13.0 a a 
- - -
14.8 a a 
- - -
13.5 1.6 -
narin 
42.1 
-
3.1 
-
38.4 
1.3 
106.6 
1.0 
0.7 
1.1 
56.5 
1.0 
79.7 
-
1.1 
total 
flavonoidsx 
165.4 
4.0 
1094.3 
485.8 
110.2 
4.9 
227.3 
10.7 
1746.5 
1959.8 
169.6 
2.7 
253.0 
11.8 
894.4 
I 
~ (1) 
=:;! 
~ 
v.l 
v.l 
v.l 
0\ 
Table Al.2 Flavonoids continued ... 
Cultivar cat epicat 2a 2b UFI q-3-gal rutin q-3-glu eriod 
Old Red * skin 52.3 - 14.8 4.3 7.4 8.2 - - 35.1 
* flesh 5.1 - - - - - - - -
** skin 59.7 - 18.4 18.3 6.3 1.2 - - 12.9 
** flesh - - - - - - - - -
* flowers1 
* leaves 42.9 30.7 427.5 377.3 - 18.3 498.7 4.1 -
060/1 * skin 59.3 - 12.3 9.4 - - - - 93.4 
* flesh 23.0 - - - - - - - 1.3 
** skin 107.7 - 24.1 9.5 - 3.1 - - 13.3 
** flesh 11.7 - - - - - - - -
* flowers 49.4 9.8 23.7 24.9 9.8 10.2 1147.9 5.8 3.6 
* leaves 61..0 21.6 16.3 15.2 4.5 - 739.4 - 16.4 
Poiwa * skin 36.8 - 16.2 4.4 - - - - 20.4 
* flesh 7.2 - - - - - - - -
** skin 57.6 - 11.5 7.4 - - - - 8.3 
** flesh 5.5 - - - - - - - -
* flowers 38.2 16.0 528.6 512.0 28.6 18.2 615.5 6.1 4.1 
* leaves 34.2 39.7 215.3 355.0 - 4.7 114.5 4.9 -
Km-3-r My UF2 
52.8 a a 
- - -
80.8 a a 
- -
a 
115.5 10.3 2.1 
51.4 34.2 a 
- - -
a a a 
- - -
54.1 15.6 41.4 
44.7 6.4 7.2 
13.2 a a 
- - -
9.3 a 9.0 
- - -
43.0 17.1 2.6 
1.9 - -
narin 
59.6 
-
83.3 
-
13.3 
98.8 
1.4 
132.7 
0.5 
1.8 
8.8 
67.8 
-
99.6 
-
2.5 
-
total 
flavonoidsx 
234.5 
5.1 
281.5 
0 
1423.1 
324.6 
25.7 
479.6 
12.2 
1341.0 
927.9 
158.8 
7.2 
193.7 
5.5 
1812.8 
770.2 
~ 
'd [ 
~. 
w 
w 
W 
-..l 
A3.2 Flavonoids continued ... 
Cultivar cat epicat 2a 2b UFI q-3-gal mtin q-3-glu 
Raupi * skin 41.9 63.9 7.5 8.3 - - - -
* flesh - - - - - - - -
** skin 65.6 83.4 24.6 7.0 - - - -
** flesh 4.0 
-
4.4 - - - - -
* flowers 33.4 13.4 513.6 807.0 44.8 1l.6 783.5 
-
* leaves 25.7 7.8 299.3 761.2 - 25.9 240.6 4.1 
Red Flesh * skin 62.8 - 11.3 - 7.7 - - -
* flesh 16.0 - 1.8 4.5 - - - -
** skin 147.6 
-
9.6 - 31.9 - -
** flesh 20.5 - 1.6 - - - - -
* flowers 29.1 12.4 371.3 303.6 
-
5.6 415.1 7.0 
* leaves 32.1 38.5 615.0 892.6 - 40.0 452.6 11.3 
Red Rascal * skin 59.0 - 25.2 7.2 3.1 - - -
* flesh 8.5 - 3.8 - - - - -
** skin 57.0 - 23.8 10.4 2.9 - - -
** flesh 9.5 - 3.8 - - - - -
* flowers 24.3 13.0 1100.9 86.4 5.2 - 1018.1 7.9 
* leaves 19.6 34.4 1064.4 154.2 6.3 34.2 635.3 12.8 
eriod Km-3-r My UF2 
46.0 12.2 a a 
1.9 - - -
4.8 22.0 a a 
- - - -
4.0 41.0 30.3 18.3 
5.7 16.2 1.5 -
24.7 183.5 a a 
l.9 5.7 a a 
46.5 94.0 a a 
1.1 
-
a a 
1.8 51.2 3.2 4.2 
10.1 29.8 16.4 3.8 
24.7 72.9 a a 
0.5 4.3 - -
7.9 59.7 a -
- - -
-
2.7 32.2 4.5 6.5 
14.2 25.4 7.1 3.0 
narin 
47.3 
46.8 
1.1 
4.1 
0.5 
45.3 
1.0 
163.3 
0.8 
0.6 
4.9 
28.8 
0.5 
166.0 
1.3 
2.0 
9.5 
total 
flavonoidsx 
227.1 
1.9 
254.2 
9.5 
2256.4 
1417.0 
335.3 
30.9 
492.9 
24.0 
1197.7 
2126.9 
220.9 
17.6 
327.7 
16.2 
2292.7 
2010.3 
--
f 
e: 
x 
w 
w 
w 
00 
Table A3.2 Flavonoids continued ... 
Cultivar cat epicat 2a 2b UFI q-3-gal rutin q-3-glu 
Red Rocks * skin 66.1 - 14.7 - 8.0 - - -
* flesh 10.2 - - - - - - -
** skin 61.0 - 11.4 - 3.6 - - -
** flesh 8.9 - - - - - - -
* flowers - 11.6 637.8 104.5 14.8 16.6 2014.2 8.4 
* leaves 28.8 26.9 462.7 163.0 6.6 12.7 588.1 9.8 
Rua * skin 24.8 - 9.7 3.1 - - - -
* flesh - - - - - - - -
** skin 41.9 - 18.0 3.5 3.1 - - -
** flesh 4.7 - 2.1 - - - - -
* flowers 24.8 16.3 418.6 223.1 - 12.9 1068.0 6.4 
* leaves 19.2 9.9 394.2 385.1 10.1 46.1 511.7 11.1 
Russet Burbank * skin 44.8 45.6 5.0 2.6 - - - -
* flesh 14.9 - - - - - - -
** skin 79.1 48.2 2.3 3.5 - - - -
** flesh 18.2 - - - - - - -
* flowers 17.5 9.7 39.8 38.7 12.8 17.0 2058.4 -
* leaves - - 84.3 111.6 3.1 2.9 468.9 5.0 
eriod Km-3-r My 
45.5 29.5 a 
- - -
10.5 11.6 8.3 
- - -
-
44.3 3.9 
8.4 26.7 3.1 
16.3 33.4 6.7 
- - -
5.8 27.1 -
- - -
2.4 37.3 3.3 
4.6 34.9 5.5 
26.2 8.3 2.3 
- - -
4.5 13.6 9.8 
- - -
-
26.7 4.3 
1.7 7.6 3.4 
UF2 narin 
a 52.7 
- -
a 63.5 
- -
6.6 2.3 
5.6 5.5 
8.7 45.9 
- -
30.5 58.3 
- -
4.1 1.0 
3.9 0.7 
9.2 74.1 
-
2.4 
7.0 95.7 
-
-
4.9 1.8 
6.3 1.6 
total 
flavonoidsx 
216.5 
10.2 
161.6 
8.9 
2854.5 
1339.2 
.332 
0 
157.7 
6.9 
1810.8 
1427.6 
206.6 
17.1 
246.9 
18.2, 
2222.4 
683.7 
i [ 
.... 
;0< 
w 
w 
W 
\0 
Table A3.2 Flavonoids continued ... 
Cultivar cat epicat 2a 2b UFI q-3-gal rutin q-3-glu 
Skerry Blue * skin 43.7 84.9 17.3 - - 9.4 - -
* flesh 10.5 2.6 - 3.4 - - - -
** skin 67.9 98.2 12.4 3.9 - - - -
** flesh 6.3 - - 1.7 - - - -
* flowers1 
* leaves 36.6 27.6 539.0 617.3 - 16.3 705.7 13.7 
Stage II Blue * skin 15.3 83.6 4.1 5.3 2.3 - - -
* flesh 8.9 - - - - - - -
** skin 23.7 189.7 10.6 13.4 3.4 - - -
** flesh 17.5 - - - - - - -
* flowers 22.3 17.9 295.2 199.3 12.5 17.1 1207.4 -
* leaves 24.9 36.4 580.9 618.3 3.1 - 717.0 7.1 
Tekau * skin 36.2 9.9 26.1 8.7 16.6 - - -
* flesh 9.0 - - - - - - -
** skin 63.6 - 10.0 6.3 4.9 - - -
** flesh 7.5 - - - - - - -
* flowers 24.2 8.1 32.9 38.6 13.3 14.7 2778.4 8.2 
* leaves 53.3 20.8 21.3 13.2 5.1 29.4 883.1 8.1 
eriod Km-3-r My UF2 
70.9 25.9 a a 
1.0 - - a 
26.4 - a a 
- - -
a 
7.3 29.8 4.1 2.6 
36.4 66.1 a a 
1.1 - a a 
37.1 72.2 a a 
- - a a 
2.6 31.9 3.5 4.2 
10.3 35.0 12.6 3.5 
3.3 19.2 a 13.8 
- - -
-
4.4 24.9 a 7.7 
- - -
-
2.1 55.6 7.2 11.5 
9.7 48.8 7.0 3.5 
narin 
67.0 
-
107.0 
-
0.5 
39.0 
-
103.5 
-
2.0 
3.3 
28.0 
2.7 
80.4 
1.3 
3.2 
-
total 
flavonoidsx 
319.1 
17.5 
315.8 
9.0 
1993.8 
252.1 
10.0 
453.6 
17.5 
1808.2 
2036.3 
148.2 
11.7 
194.5 
8.8 
2979.4 
1092.8 
i g 
~ 
w 
w 
+>-o 
Table Al.2 Flavonoids continued ... 
Cultivar cat epicat 2a 2b UF1 q-3-gal rutin q-3-glu 
Urenika * skin 65.5 - 9.4 - - - - -
* flesh 13.4 - 4.4 4.4 - - - -
** skin 80.1 - 4.0 - - - - -
** flesh 18.5 - 2.4 4.5 - - - -
* flowers 14.0 10.8 224.2 178.3 4.2 12.6 730.8 5.4 
* leaves - 1.2 185.9 379.7 - 13.7 97.3 1.9 
Whitu * skin 90.7 - 2.9 - - 3.0 - -
* flesh 26.3 - - - - - - -
* flowers 1 
* leaves 32.8 5.4 12.5 11.1 4.3 19.7 985.6 -
177/3 * skin 50.7 36.9 11.6 - - 6.1 - -
* flesh 9.3 - - - - - - -
** skin 56.6 44.0 25.2 - - 7.5 - -
** flesh 10.4 - - - - - - -
* flowers 38.2 8.6 28.3 28.5 38.7 12.9 1671.3 -
* leaves 51.6 37.9 26.6 19.1 12.8 106.1 1777.0 13.4 
eriod Km-3-r My UF2 
36.0 - a a 
16.9 - a a 
25.9 - a a 
14.5 - a a 
1.4 35.0 6.4 1.6 
2.3 10.0 6.1 2.7 
19.5 - 2.6 11.2 
- - - -
5.1 562.4 9.3 1.5 
20.2 4.5 2.7 10.6 
- -
- -
6.2 25.7 4.4 5.0 
- - -
-
2.5 65.7 14.5 12.0 
17.4 97.4 211.9 6.4 
narin 
35.5 
2.2 
52.5 
4.3 
0.4 
1.3 
33.6 
-
2.2 
28.3 
-
45.7 
1.7 
2.0 
5.3 
total 
flavonoidsx 
146.4 
41.3 
162.5 
44.2 
1217.1 
693.3 
149.7 
26.3 
1641.1 
158.3 
9.3 
210.9 
12.1 
1896.7 
2164.6 
;§' 
(1) 
5-x· 
w 
w 
"'" >-' 
Table Al.2 Flavonoids continued ... 
Cultivar cat epicat 2a 2b UFI q-3-gal rutin q-3-glu 
289/3 * skin 77.3 39.6 48.0 12.3 6.3 - - -
* flesh 20.7 - - - - - - -
** skin 74.5 72.5 17.7 8.3 16.6 - - -
** flesh 16.2 - - - - - 1.8 -
* flowers 30.1 17.9 403.7 149.5 56.4 17.6 1313.0 -
* leaves 31.1 - 295.8 151.1 1.3 16.4 473.6 1.9 
1858.21 * skin 44.2 16.5 9.2 3.3 1.2 2.8 - -
* flesh 8.6 - - - - - - -
** skin 54.5 66.6 18.7 5.8 5.9 - - -
** flesh 16.2 - - - - - - -
* flowers 12.3 13.9 665.3 456.4 - 13.4 1138.1 6.6 
* leaves 32.0 - 247.6 222.4 1.7 8.3 154.0 2.0 
Diploid * skin 56.1 - 14.3 4.0 - - - -
* flesh 3.7 - - - - - - -
* flowers 8.0 5.2 14.6 4.5 41.6 15.1 1076.1 5.6 
* leaves 55.5 19.6 24.6 20.8 9.9 - 1031.9 -
-
eriod Km-3-r My UF2 
23.5 22.0 a 20.1 
- -
- -
4.8 30.7 a a 
- - - -
3.9 40.8 32.7 22.8 
3.8 16.3 - -
17.6 10.2 1.6 -
- - - -
3.4 9.7 6.9 -
- - - -
5.8 33.5 2.7 4.8 
0.7 20.6 - 1.4 
27.1 2.6 3.9 7.8 
- - -
-
0.7 65.2 104.5 23.5 
14.5 37.0 10.8 -
narin 
42.1 
-
68.5 
-
0.4 
-
13.3 
-
56.6 
-
0.6 
-
4.3 
-
0.6 
1.8 
total 
flavonoidsx 
271.1 
20.7 
293.6 
18.0 
2033.3 
991.3 
118.3 
8.6 
221.2 
16.2 
2345.9 
689.3 
108.4 
3.7 
1237.2 
1208.6 
i 
~ 
x 
w 
w 
i!3 
Table M.l Anthocyanins 
Cultivar UA1 UA2 Dp-3-r Cy-3-r UA3 Pg-3-r Mv-3-r anth-l 
(14.2) (15.8) (23.0) 
Arran Victory * skin 47.4 - - - - - 21.1 1555.3 
* flesh 1.8 - - - - 0.8 91.5 
** skin 174.4 - 30.4 - - - 36.2 2028.7 
** flesh 
-
- - - -
- -
52.2 
* flowers l 
* leaves - - - - - - - -
Blue Derwent * skin 97.5 - 15.0 - - - 21.9 2224.6 
* flesh - - - - - - - 10.8 
** skin 122.1 - 18.7 - - - 33.2 2737.2 
** flesh - - - - - - 103.7 
* flowers l 
* leaves - - - - - - - -
Catriona * skin - - - - - - - -
* flesh - - - - - - - -
** skin - - - - - - - 210.0 
** flesh - - - - - - - -
* flowers - - 11.0 - - 2.8 - 325.1 
* leaves - - - - - - - -
Pn-gly antb-3 anth-2 UA4 
(25.3) (28.0) 
-
- 76.4 -
- -
12.8 
-
- -
117.2 
-
- -
26.0 
-
- - - -
- - 126.8 -
- - -
-
- -
178.7 -
- - - -
- - - -
- - - -
- -
- -
- -
28.7 -
- -
-
-
- -
642.6 25.1 
- - - -
UA5 
(34.2) 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
total 
antbocyanins 
1700.2 
106.9 
2386.9 
78.2 
0 
2485.8 
10.8 
3089.9 
103.7 
0 
0 
0 
238.7 
0 
1006.6 
0 
i 
:l 
~ 
w 
w 
.j:l.. 
w 
Table A3.3 Anthocyanins continued ... 
Cultivar VAl VA2 Dp-3-r Cy-3-r VA3 Pg-3-r Mv-3-r anth-l 
(14.2) (15.8) (23.0) 
Desiree * skin - 36.6 - - 29.2 16.8 - -
* flesh - - - - - - - -
** skin - 45.6 - - 19.3 15.0 - -
** flesh - - - - - - - -
* flowers 
- -
- 0.9 - 1.0 - -
* leaves - - - - - - - -
129 * skin - 9.1 - - 1.3 1.4 - -
* flesh - - - - - - - -
** skin - 30.0 9.9 - 7.6 6.5 - -
** flesh - - - - - - - -
* flowers - - - - - - - -
* leaves - - - - - - - -
153 * skin 7.0 - - - - - 6.0 666.4 
* flesh 9.1 - - - - - 8.3 437.6 
** skin 68.0 - - - - - 25.9 3175.4 
** flesh 9.3 - - - - - 12.2 473.9 
* flowers 3.9 - - - - - - 4.4 
* leaves - - - - - - - -
Pn-gly anth-3 anth-2 VA4 
(25.3) (28.0) 
202.2 1119.2 - -
- - - -
221.2 1144.3 - -
- - -
-
121.0 - 39.1 9.5 
- - - -
9.0 173.7 - -
- -
- -
18.6 361.6 - -
- - - -
17.3 
-
- -
- - - -
- -
40.2 
-
- -
17.7 -
- -
211.6 -
- -
26.9 -
- -
- -
- -
- -
VAS 
(34.2) 
21.0 
-
19.4 
-
-
-
-
-
14.0 
-
-
-
-
-
-
-
-
-
total 
anthocyanins 
1425.0 
0 
1445.4 
0 
171.5 
0 
194.5 
0 
448.2 
0 
17.3 
0 
719.6 
463.6 
3480.9 
522.3 
8.3 
0 
I 
i 
i g 
a 
;>< 
w 
w 
t 
Table A3.3 Anthocyanins continued ... 
Cultivar VAl VA2 Dp-3-r Cy-3-r VA3 Pg-3-r Mv-3-r anth-1 
(14.2) (15.8) (23.0) 
Kowiniwini * skin 24.6 - 18.1 - - - 10.9 1684.2 
* flesh - - - - - - - 8.9 
** skin 31.8 - 30.8 - - - 13.3 1682.1 
** flesh - - - - - - - 43.8 
* flowers 1 
* leaves - - - - - - - -
Maori Chief * skin 24.1 - 5.0 - - - 6.8 727.9 
* flesh - - - - - - - 24.6 
** skin 79.2 - 49.6 - - - 25.2 462.3 
** flesh - - - - - - - -
* flowers 1 
Moe Moe * skin 10.6 - - - - - 4.3 423.3 
* flesh - - - - - - - 8.3 
** skin 37.4 - - - - - 23.8 572.4 
** flesh - - - - - - - 18.5 
* flowers 12.8 - - - - 7.8 - 658.2 
* leaves - - - - - - - -
Pn-gly anth-3 anth-2 VA4 
(25.3) (28.0) 
- -
248.6 -
- - - -
- -
258.0 
-
- - - -
- - -
-
- -
42.5 -
- - -
-
- - 39.8 -
- - - -
- - 386.5 -
- - - -
- -
58.1 -
- - - -
- -
18.5 -
- - - -
VAS 
(34.2) 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
total 
anthocyanins 
1986.4 
8.9 
2016.0 
43.8 
0 
806.3 
24.6 
656.1 
0 
824.7 
8.3 
691.7 
18.5 
697.3 
0 
:g 
CD 
~ 
W 
w 
.;.. 
U1 
Table A3.3 Anthocyanins continued ... 
Cultivar UAI UA2 Dp-3-r Cy-3-r UA3 Pg-3-r Mv-3-r anth-l 
(14.2) (15.8) (23.0) 
M10 * skin - - - - - - - -
* flesh - - - - - - - -
* flowers - - - - - - - -
* leaves - - - - - - - -
Ngaoutiouti * skin 9.8 - - - - 1.9 - 391.0 
* flesh - - - - - - - 38.4 
** skin 29.2 - - - - 11.0 - 951.7 
** flesh - - - - - - - 30.2 
* flowers 34.7 - - - - 3.1 - 422.4 
* leaves - - - - - - - -
Northern Star * skin - - 6.7 - - - - 2.7 
* flesh - - - - - - - -
** skin - - 54.3 - - - - 41.7 
** flesh - - - - - - - -
* flowers1 
* leaves - - - - - - - -
Pn-gly anth-3 anth-2 UA4 
(25.3) (28.0) 
- - - -
- - - -
- -
- -
- - - -
- 0 28.4 -
- - - -
- -
91.8 -
- - - -
- 14.8 -
- - -
-
- -
6.0 -
- - - -
- -
66.5 -
- - -
-
- - - -
UA5 
(34.2) 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
total 
anthocyanins 
0 
0 
0 
0 
431.1 
38.4 
1083.7 
30.2 
475.0 
0 
15.4 
0 
162.5 
0 
0 
~ 
"C g 
&. 
i>< 
\;j 
\;j 
.j:;.. 
0\ 
Anthocyanins continued ... 
Cultivar UAI UA2 Dp-3-r Cy-3-r UA3 Pg-3-r 
(14.2) (15.8) (23.0) 
Old Red * skin 8.0 - 71.6 - - -
* flesh - - - - - -
** skin 19.1 - 177.0 - - -
** flesh - - - - - -
* flowers1 
* leaves - - - - - -
060/1 * skin - 11.3 8.2 - 1.0 3.5 
* flesh - - - - - -
** skin - 54.6 28.5 - 6.8 -
** flesh - - - - - -
* flowers 16.9 
-
13.5 
- -
8.5 
* leaves - - - - - -
Poiwa * skin 10.2 - - - - -
* flesh - - - - - -
** skin 15.0 - - - - -
** flesh - - - - - -
* flowers 9.5 - - - - 6.5 
* leaves - - - - - -
Mv-3-r anth-l Pn-gly anth-3 anth-2 
(25.3) 
9.8 560.0 
- -
760.0 
- - - - -
40.3 870.0 - - 1485.0 
- 14.6 - -
- -
- - -
- - 27.8 125.5 
-
- - - - -
- - 24.1 456.0 -
- - - - -
- - 806.3 - 452.4 
- - - - -
1.5 356.0 
- -
28.7 
- - - - -
-
231.3 
- - -
- - - - -
-
652.1 - - 20.0 
- - - - -
UA4 UA5 
(28.0) (34.2) 
- -
- -
- -
- -
-
42.6 -
- -
202.8 
-
- -
106.7 -
- -
- -
- -
- -
- -
- -
- -
total 
anthocyanins 
1409.4 
0 
2591.4 
14.6 
0 
220.0 
0 
772.8 
0 
1404.3 
0 
396.4 
0 
246.3 
0 
688.1 
0 
~ 
1 ~ 
w 
w 
.j:>. 
-.J 
Table A3.3 Anthocyanins continued ... 
Cultivar VAl VA2 Dp-3-r Cy-3-r VA3 Pg-3-r Mv-3-r anth-1 
(14.2) (15.8) (23.0) 
Raupi * skin 18.6 - 9.3 - - 1.3 - 288.5 
* flesh - - - - - - - -
** skin 41.9 - 18.0 - - - - 801.0 
** flesh - - - - - - - 11.9 
* flowers 2.6 - - 10.2 - 30.4 - 1293.8 
* leaves - - - - - - - -
Red Flesh * skin - 56.3 - - 23.6 11.0 - -
* flesh - 3.9 - - - 2.6 - -
** skin - 161.4 - - 29.3 26.3 - -
** flesh - 5.1 - - - 4.0 - -
* flowers 8.5 - 6.0 - - - - -
* leaves - - - - - - - -
Red Rascal * skin - 8.6 - - 5.5 3.0 - -
* flesh - - - - - - - -
** skin - 15.6 - - 11.8 - - -
** flesh - - - - - - - -
* flowers 1.4 - 4.2 2.6 - 0.5 - -
* leaves - - - - - - - -
Pn-gly anth-3 anth-2 VA4 
(25.3) (28.0) 
- -
51.7 
-
- -
- -
- -
136.8 -
- - - -
- -
210.7 44.3 
- - - -
287.3 1552.9 - 659.3 
12.6 65.3 - 14.2 
382.6 1975.2 - 727.2 
9.7 60.1 - 35.9 
34.3 - 10.4 -
- - - -
108.6 473.0 - -
- - - -
89.2 363.4 - 243.1 
- - - -
135.5 
-
42.7 13.6 
- -
- -
VA5 
(34.2) 
-
-
-
-
-
-
22.5 
-
23.2 
-
-
-
6.3 
-
5.0 
-
-
-
total 
anthocyanins 
369.4 
0 
997.7 
11.9 
1592.0 
0 
2612.9 
98.6 
3325.2 
114.8 
59.2 
0 
605.0 
0 
1091.5 
0 
200.5 
0 
I 
, 
:g 
~ 
i>< 
w 
w 
~ 
00 
Table A3.3 Anthocyanins continued ... 
Cultivar VAl VA2 Dp-3-r Cy-3-r VA3 Pg-3-r Mv-3-r anth-1 Pn-gly 
(14.2) (15.8) (23.0) (25.3) 
Red Rocks * skin - 35.7 - - 2.5 2.6 - - 21.8 
* flesh - - - - - - - - -
** skin - 43.4 14.5 - - 3.0 - - -
** flesh - - - - - - - - -
* flowers - - - - - - - - 26.5 
* leaves - - - - - - - -
Rua * skin - - - - - - - - -
* flesh - - - - - - - - -
** skin - - - - - - - - -
** flesh - - - - - - - - -
* flowers 1.9 - 3.2 - - - - - 7.2 
* leaves - - - - - - - - -
Russet Burbank * skin - - - - - - - - -
* flesh - - - - - - - - -
** skin - - - - - - - - -
** flesh - - - - - - - - -
* flowers - - - - - - - - 40.6 
* leaves - - - - - - - - -
-
anth-3 anth-2 VA4 
(28.0) 
156.9 - 36.9 
- - -
96.2 - 47.5 
- - -
- 4.6 -
- - -
- -
-
- - -
- -
-
- - -
-
2.5 -
- -
-
- - -
- -
-
- - -
- - -
- -
-
-
- -
VAS 
(34.2) 
6.5 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
total 
anthocyanins 
262.9 
0 
204.6 
0 
31.1 
0 
0 
0 
0 
0 
14.8 
0 
0 
0 
0 
0 
40.6 
0 
, 
f 
~ 
w 
w 
.j::>. 
\0 
Table A3.3 Anthocyanins continued ... 
Cultivar VAl VA2 Dp-3-r Cy-3-r VA3 Pg-3-r Mv-3-r anth-1 
(14.2) (15.8) (23.0) 
Skerry Blue * skin 62.3 - - - - - 9.5 1003.2 
* flesh - - - - - - - 89.3 
** skin 173.3 - 23.5 - - - 22.3 1294.9 
** flesh - - - - - - - 33.9 
* flowers 1 
* leaves - - - - - - - -
Stage II Blue * skin - - 28.9 - - - - 932.4 
* flesh - - - - - - - 15.4 
** skin - - 107.7 - - - 46.4 2164.8 
** flesh - - - - - - - 106.4 
* flowers - - - - - - - 9.5 
* leaves - - - - - - - -
Tekau * skin - - - - - - - 26.1 
* flesh - - - - - - - -
** skin - - - - - - - 81.8 
** flesh - - - - - - - -
* flowers - - - - - - - 33.5 
* leaves - - - - - - - -
Pn-gly anth-3 anth-2 VA4 
(25.3) (28.0) 
- -
41.2 -
- - - -
- -
65.2 -
- - - -
- - -
-
- -
1682.1 -
- -
14.1 -
- -
5127.7 
-
- -
112.1 -
- - - -
- - - -
- -
- -
- - - -
- - - -
- - - -
- - - -
- - - -
VA5 
(34.2) 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
total 
anthocyanins 
1116.2 
89.3 
1579.2 
33.9 
0 
2643.4 
29.5 
7446.6 
218.5 
9.5 
0 
26.1 
0 
81.8 
0 
33.5 
0 
, 
~ 
'"d 
~ 
X 
w 
w 
Ul 
o 
Table Al.3 Anthocyanins continued ... 
Cultivar VAl VA2 Dp-3-r Cy-3-r VA3 Pg-3-r Mv-3-r 
(14.2) (15.8) (23.0) 
Vrenika * skin 13.3 - 96.5 - - - 19.5 
* flesh 6.7 - 41.6 - - - 27.6 
** skin - - 147.7 - - - 39.3 
** flesh - - 42.1 - - - 18.4 
* flowers - - - - - 3.3 -
* leaves - - - - - - -
Whitu * skin - - 9.8 - - - -
* flesh - - - - - - -
* flowers1 
* leaves - - - - - - -
177/3 * skin - - - - - - -
* flesh - - - - - - -
** skin - - - - - - -
** flesh - - - - - - -
* flowers 19.4 
-
4.6 - - 9.6 -
* leaves - - - - - -
anth-1 Pn-gly anth-3 anth-2 
(25.3) 
1614.4 
- -
2647.3 
1174.7 - - 1069.7 
1402.8 - - 4189.0 
445.2 
- -
845.9 
167.5 - - 19.0 
- - - -
- - -
6.8 
-
- -
-
- - - -
- - - -
- - - -
- - - -
- - - -
574.5 
- -
86.2 
- - - -
VA4 VAS 
(28.0) (34.2) 
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
13.1 
-
- -
total 
anthocyanins 
4376.4 
2320.3 
5778.8 
1351.6 
189.8 
0 
16.6 
0 
0 
0 
0 
0 
0 
707.4 
0 
• 
. 
-6" 
i 
w 
w 
Vl 
,..... 
A3.3 Anthocyanins continued ... 
Cultivar UA1 UA2 Dp-3-r Cy-3-r UA3 Pg-3-r Mv-3-r 
(14.2) (15.8) (23.0) 
289/3 * skin - - - - - - -
* flesh - - - - - - -
** skin - - - - - - -
** flesh - - - - - - -
* flowers - - - - - 23.8 -
* leaves 
- - -
-
- - -
1858.21 * skin - - - - - - -
* flesh - - - - - - -
** skin - - - - - - -
** flesh - - - - - - -
* flowers 7.3 
-
9.2 - - - -
* leaves - - - - - - -
Diploid * skin - - - - - - -
* flesh - - - - - - -
* flowers 11.9 - - 11.1 - 212.6 
* leaves - - - - - - -
--
anth-1 Pn-gly anth-3 anth-2 
(25.3) 
24.3 - - -
- -
- -
263.8 
- -
43.5 
- - - -
1344.3 
-
- 256.3 
- - -
-
- -
- -
- - - -
- - - 51.1 
- - -
-
80.8 
- -
13.1 
- - - -
- - - -
-
- - -
5046.6 
- -
567.9 
149.6 - - 7.6 
UA4 UAS 
(28.0) (34.2) 
- -
-
-
- -
- -
53.8 
- -
-
- -
-
-
- -
1.3 
-
- -
- -
-
65.0 -
- -
total 
anthocyanins 
24.3 
0 
307.3 
0 
1678.2 
0 
0 
0 
51.1 
0 
111.7 
0 
0 
0 
5915.1 
157.2 
, 
i 
1:1 
~ 
w 
w 
VI 
N 
Table A3.4 Phenolic acids in white, purple and red tubers. 
Colour gal pro p-ben chl caf UPI van syr coum fer UP2 sin 
Skin* White 8.2 195.5 0 847.6 75.7 48.4 92.8 3.2 3.5 7.1 5.1 33.3 
Purple 10.3 288.7 0 1624.2 171.3 85.0 12.8 6.2 11.2 15.8 7.5 74.1 
Red 9.0 318.2 0 1673.7 105.7 183.5 75.4 5.2 13.2 25.0 30.6 73.8 
Flesh* WflJwsk 6.0 91.3 0 46.2 0.6 9.8 2.7 0 10.0 0.3 6.2 2.0 
WflJcolsk 5.5 118.6 0 63.6 0.4 11.3 9.5 0.1 9.2 0.3 4.1 2.8 
PurflJpursk 6.4 114.7 0 481.2 1.2 28.0 33.2 1.0 11.0 1.9 4.7 3.6 
RedflJredsk 5.0 125.6 0 486.4 0 34.0 47.8 0.5 15.9 7.2 5.8 1.6 
Skin** White 6.6 223.4 0 1660.9 228.9 82.0 34.0 7.5 5.2 10.3 14.7 23.8 
Purple 8.4 270.3 0 2474.5 410.2 102.1 88.5 14.1 8.3 10.0 35.3 21.8 
Red 7.0 268.6 0 2138.0 308.7 110.2 136.3 7.1 7.0 22.1 49.6 40.6 
Flesh** WflJwsk 1.3 53.0 0 46.0 8.6 10.8 2.9 0.1 0.1 1.4 3.9 0.4 
WflJcolsk 1.0 86.0 0 105.5 3.9 10.5 8.3 0.2 0.8 2.1 4.4 0.5 
PurflJpursk 2.4 81.1 0 878.7 19.3 37.8 68.4 1.5 0.3 3.8 17.1 0.7 
RedflJredsk 1.9 75.8 0 408.2 9.7 48.3 47.5 0 0 17.2 2.1 0 
sal UP3 dnn 
9.4 7.7 2.4 
17.0 9.8 2.0 
44.7 36.1 3.1 
0 0 0.1 
0 0.2 0 
1.9 0 0.3 
6.5 0 0.3 
6.5 15.7 3.4 
15.0 9.7 2.7 
34.5 32.6 3.6 
0 0 0 
0 1.3 0 
1.6 0.6 0 
4.3 13.6 0 
total 
1339.6 
2438.3 
2637.7 
160.1 
237.7 
688.1 
736.1 
2327.7 
3507.5 
3129.4 
122.6 
219.5 
734.4 
628.6 
no 
9 
14 
6 
10 
10 
3 
1 
8 
13 
6 
7 
10 
3 
1 
:g 
(1) 
1:1 
e: 
x 
I.N 
I.N 
VI 
I.N 
Table Al.S Flavonoids in white, purple and red tubers 
Colour cat epicat 2a 2b UFI rutin eriod Km-3-r My 
Skin* White 49.7 21.6 14.5 5.6 2.9 0 23.4 14.3 3.5 
Purple 47.5 44.3 15.1 4.3 3.8 0 40.8 25.5 a 
Red 62.6 26.2 15.4 4.0 3.4 0 37.2 75.4 a 
Flesh* Wfl/wsk 8.6 0 0 0 0 0 0.2 0 0 
Wfl/colsk 10.0 0 0.5 0.3 0.8 0 0.5 0 0 
PurflJpursk 13.9 0 1.5 2.1 1.8 0 3.5 4.6 a 
Redfl!redsk 16.0 0 0 0 3.1 0 1.9 5.7 a 
Skin** White 67.5 41.6 20.3 8.4 3.8 0 5.7 19.8 3.8 
Purple 67.2 60.8 19.6 8.2 4.6 0 17.5 24.3 a 
Red 95.3 26.9 19.2 4.8 7.0 0 21.4 35.7 a 
Flesh** Wfl/wsk 10.3 0 0.8 0.2 0 0 0.7 0 0 
Wfl/colsk 7.5 0 1.9 0 0 0 0.2 0 0 
PurflJpursk 16.7 0 0.8 2.1 0 0 5.1 0 a 
Redfl!redsk 20.5 0 1.6 0 0 0 "---1.1 0 a 
UF2 narin 
11.8 36.9 
a 56.9 
a 57.4 
0 0.6 
0 0.6 
a 0.7 
a 1.0 
10.0 67.8 
a 95.5 
a 122.2 
0 0.4 
0 0.9 
a 0.7 
a 0.8 
total 
170.1 
240.7 
281.6 
9.4 
12.7 
28.1 
27.7 
235.8 
298.4 
333.0 
12.4 
10.5 
25.4 
24.0 
no 
9 
14 
6 
10 
10 
3 
1 
8 
13 
6 
7 
10 
3 
1 
~ 
'0 
(I) 
i:l 
a: 
~ 
UJ 
UJ 
Vl 
.j::>. 
Table A3.6 Anthocyanins in white, purple and red tubers 
Colour UAI UAZ Dp-3-r UA3 Pg-3-r Mv-3-r anth-l Pn-gly anth-3 
(14.2) (15.8) (23.0) 
Skin* White 0 0 1.7 0 0 0 0 5.3 0 0 
Purple 25.6 0 18.8 0 0 0 8.8 955.9 0 0 
Red 0 23.2 1.4 0 8.1 5.0 0 0 92.6 506.9 
Flesh* Wfl/wsk 0 0 0 0 0 0 0 0 0 0 
Wfl/colsk 0 0 0 0 0 0 0 6.5 0 0 
Purfl/pursk 5.3 0 13.9 0 0 0 12.0 542.6 0 0 
Redfl/redsk 0 3.9 0 0 0 2.6 0 0 12.6 65.3 
Skin** White 0 0 6.8 0 0 0 0 74.7 0 0 
Purple 60.6 0 46.1 0 0 0 24.4 1413.4 0 0 
Red 0 58.4 8.8 0 12.5 8.5 0 0 122.6 732.8 
Flesh** Wfl/wsk 0 0 0 0 0 0 0 0 0 0 
Wfl/colsk 0 0 0 0 0 0 0 9.1 0 0 
Purfl/pursk 3.1 0 14.0 0 0 0 10.2 341.8 0 0 
RedflJredsk 0 5.1 0 0 0 4.0 0 0 9.7 60.1 
anth-2 UA4 UA5 
(28.0) (34.2) 
2.5 0 0 
473.9 0 0 
0 13.3 7.6 
0 0 0 
0 0 0 
367.2 0 0 
0 14.2 0 
23.7 0 0 
919.9 0 0 
0 203.4 10.3 
0 0 0 
0 0 0 
328.3 0 0 
0 35.9 0 
total 
8.2 
1483.1 
658.1 
0 
6.5 
937.8 
98.6 
105.2 
2463.5 
1214.6 
0 
9.1 
697.5 
114.8 
no • 
9 I 
14 
6 
10 
10 
3 
1 
8 
13 
6 
7 
10 
3 
1 i (I) 
~ 
e: 
x 
w 
w 
Ul 
Ul 
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APPENDIX 4 
Concentration (J.1g/gFW) of phenolic acids, tlavonoids and anthocyanins 
in Solanum spp 
Key 
Phenolic acids 
gal 
pro 
p-ben 
chi 
caf 
UPl 
van 
syr 
coum 
fer 
UP2 
sin 
sal 
UP3 
cinn 
}I7avonoids 
cat 
epicat 
2a 
2b 
UFl 
q-3-gal 
q-3-glu 
eriod 
Km-3-r 
My 
UF2 
narin 
gallic acid 
protocatechuic acid 
p-hydroxybenzoic acid 
chlorogenic acid 
caffeic acid 
unknown phenolic acid 1 
vanillic acid 
syrlngic acid 
p-coumaric acid 
ferotic acid 
unknown phenolic acid 2 
sinapic acid 
salicylic acid 
unknown phenolic acid 3 . 
cinnamic acid 
catechin 
epicatechin 
flavonoid 2a (quercetin-glucose-rhamnose) 
flavonoid 2b (quercetin-glucose-rhamnose) 
unknown flavonoid 1 
quercetin-3-galactoside 
quercetin-3-glucoside 
eriodictyol 
kaempferol-3-rutinoside 
myricetin 
unknown flavonoid 2 
naringenin 
Anth ocyan ins 
UA1 (14.2) 
Cy-3-rut 
Mv-3-rut 
anth-1 
anth-2 
totalX 
a 
unknown anthocyanin 1 - retention time 14.2min 
cyanidin-3-rutinoside 
malvidin-3-rutinoside 
petunidin-3-(p-coumaroyl-rutinoside)-5-glucoside 
malvidin-3-(p-coumaroyl-rutinoside)-5-glucoside 
Appendix 4 357 
sum of total flavonoids excluding myricetin and UF2, as in a number of 
cultivars reliable concentrations of these compounds could not be 
obtained (see 'a'), so all totals were comparable 
due to co-elution of myricetin and UF2 with anthocyanins, reliable 
concentrations of these could not be detennined 
not detected (i. e. concentration equals zero) 
Table A4.1 Phenolic acids 
Species gal pro p-ben chl caf UP1 van syr 
S. acaule skin 12.7 52.0 
-
696.1 179.2 116.4 14.2 1.8 
subsp. acaule flesh 8.9 45.7 - 39.3 2.5 14.0 0.9 -
(ACL 2113) flowers 37.7 56.2 21.0 2985.9 8.9 100.7 19.3 14.8 
n=3 leaves 2.7 41.2 - 1397.0 4.0 54.4 22.9 3.3 
S. acaule skin 9.3 60.6 - 387.3 227.9 48.6 16.4 -
subsp. aemulans flesh 8.9 105.1 
- 23.7 3.2 8.9 7.3 -
(ACLAEM 3734) flowers 58.9 154.2 21.7 3241.8 17.7 49.4 17.5 38.0 
n=2 leaves - 57.6 11.0 1662.6 6.8 43.6 10.3 3.1 
S. berthaultii skin 20.8 116.4 8.3 2262.0 89.1 56.3 145.1 -
(BER4036) flesh 10.5 83.0 - 353.4 2.8 76.9 62.3 -
n=2 flowers 36.7 51.4 17.3 2958.2 26.1 55.0 19.6 99.4 
leaves 181.1 116.5 24.3 1116.3 12.4 46.7 22.5 29.6 
S. J{ourZayi skin 11.5 52.4 3.3 852.6 158.4 31.0 14.1 -
(GRL 2480) flesh 7.5 36.0 
- 21.0 0.8 4.3 - -
n=2 flowers 26.2 57.0 65.6 1645.9 8.2 40.4 19.4 40.2 
leaves 59.1 68.2 15.5 641.7 4.3 16.2 8.8 5.4 
coum fer UP2 sin sal 
73.0 54.2 
- 8.9 20.7 
31.0 1.5 - - -
11.9 27.5 3.3 22.3 28.0 
5.8 7.3 3.2 0.5 5.7 
61.0 19.7 - 10.4 6.3 
98.4 
- - - -
19.0 23.6 11.8 
- -
2.3 9.9 12.7 - 22.7 
18.7 16.8 - 17.5 -
19.7 14.0 - 4.8 3.7 
25.3 81.1 18.0 66.6 -
10.8 26.5 28.3 10.7 -
21.1 5.3 41.3 11.8 11.6 
19.8 - - - 4.5 
10.2 23.3 14.2 29.9 115.7 
7.0 5.7 7.7 3.4 24.1 
UP3 cinn 
1.3 6.1 
- -
-
5.7 
1.4 1.3 
1.8 2.7 
- -
-
1.8 
0.8 5.2 
- -
-
0.4 
- 10.1 
- 6.4 
5.5 -
- -
9.2 8.6 
1.7 5.7 
total 
1236.6 
143.8 
3343.1 
1550.5 
851.7 
255.3 
3655.3 
1848.3 
2750.9 
631.3 
3464.4 
1632.1 
1225.1 
93.7 
2113.8 
874.1 
f (1) 
~ 
.j::. 
w 
v. 
00 
Table A4.1 Phenolic acids continued ... 
Species gal pro p-ben chI caf UPI van syr 
S. oplocense skin 8.4 40.4 
-
335.1 164.8 20.0 25.6 
-
(OPL 3777) flesh 4.1 44.0 - 11.5 5.8 5.5 7.7 -
n=2 flowers 27.0 651.7 60.9 731.4 3.8 18.2 3.4 16.3 
leaves 28.2 294.3 - 52.4 - 2.1 2.7 -
S. sanctae-rosae skin 11.0 42.4 - 335.0 128.7 21.5 8.0 -
(SCT 3269) flesh 2.4 26.3 
- 24.3 4.0 5.7 - -
n=2 flowers 71.5 280.1 27.5 2540.4 - 26.3 19.3 40.7 
leaves - 155.2 6.4 1348.8 10.2 21.2 44.1 6.9 
S. sanctae-rosae skin 12.8 61.9 - 439.0 176.2 35.0 6.5 2.0 
(SCT 3779) flesh 8.1 62.9 - 25.5 3.4 5.7 3.0 -
n=3 flowers 76.5 192.6 11.2 1335.8 10.6 29.9 29.7 13.5 
leaves - 416.7 24.1 455.5 5.6 206.8 13.7 -
S. sparsipilum skin 13.5 46.6 
- 1389.5 375.4 50.8 12.7 1.5 
(SPL 3488) flesh 9.3 20.9 - 45.9 3.0 8.8 2.3 
-
n=2 flowers 23.0 28.9 27.1 2461.5 16.6 74.2 5.0 66.5 
leaves 46.9 42.9 25.8 503.8 5.6 18.7 51.5 -
coum fer UP2 sin sal 
9.3 7.3 11.9 11.0 15.7 
12.6 1.2 - - 6.3 
9.4 8.6 4.8 24.4 57.9 
0.3 1.3 - 2.2 4.6 
17.9 12.1 
- 7.1 18.6 
12.7 1.1 - - 5.2 
10.6 18.4 17.3 46.3 61.1 
6.6 5.7 6.6 - 11.2 
34.9 27.5 - 4.3 11.8 
33.3 4.0 - - 0.7 
18.1 14.4 9.2 20.4 35.9 
3.5 5.0 3.6 2.7 28.9 
20.8 23.9 49.4 12.7 103.1 
19.1 
- - -
5.6 
24.5 22.0 21.2 42.3 -
7.9 6.8 - 10.7 11.8 
UP3 cinn 
4.2 -
- -
13.6 9.2 
0.5 0.6 
- -
3.4 -
11.2 2.3 
- 1.1 
7.5 0.4 
- -
-
2.7 
4.4 2.0 
9.1 0.8 
- -
- 4.2 
- 0.7 
total 
653.5 
98.6 
1640.1 
389.0 
602.1 
84.9 
3172.8 
1623.4 
819.8 
146.5 
1800.6 
1172.4 
2108.0 
114.8 
2837.6 
732.8 
i 
I 
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Phenolic acids continued ... 
Species gal pro p-ben chI caf UPI van 
S. sparsipilum skin 12.8 52.0 7.6 718.6 260.9 43.5 4.2 
(SPL 3563) flesh 7.5 99.8 1.2 57.7 3.0 10.3 3.4 
n=2 flowers 44.9 98.7 34.8 4707.1 10.6 32.3 -
leaves 80.0 96.2 16.6 2353.3 7.1 73.6 55.9 
S. speKKazzinii skin 15.8 63.8 1.5 1080.6 125.2 45.3 20.3 
(SPG3745) flesh 9.1 45.3 
-
142.1 2.4 16.7 1.4 
n=2 flowers 30.2 42.2 19.6 2875.5 8.3 51.0 10.6 
leaves 52.3 157.3 106.4 387.4 4.4 24.0 48.2 
S. speggazzinii skin 13.3 70.8 
-
884.4 232.5 58.5 29.3 
(SPG 3791) flesh 6.1 31.0 - 25.5 2.6 10.5 -
n=2 flowers 37.5 36.1 - 1537.0 24.0 39.6 25.7 
leaves 72.4 68.4 30.0 87.2 5.2 7.8 13.4 
S. stenotomum skin 19.7 113.2 8.0 2103.2 505.8 70.3 24.7 
(STN 4711) flesh 4.0 44.0 - 294.8 9.7 34.5 6.4 
n=2 flowers 32.6 71.4 
-
4102.1 15.4 86.6 52.1 
leaves 35.5 96.6 17.5 1102.1 0.2 58.9 19.9 
syr coum fer UP2 sin 
1.6 10.8 4.6 - 9.8 
-
4.8 2.7 2.5 
-
87.5 36.8 29.2 12.6 37.2 
34.7 20.9 16.8 8.1 24.3 
- 107.3 52.2 - 6.1 
- 46.5 3.9 2.8 -
28.3 78.3 28.9 27.8 35.9 
- 9.0 12.5 17.5 9.4 
1.1 87.7 38.5 - 11.3 
- 8.5 0.7 4.7 -
62.8 45.4 32.6 10.7 17.6 
- 4.6 8.6 9.8 58.5 
5.5 61.0 18.4 1.9 75.0 
- 12.1 2.3 - -
31.2 21.6 20.8 8.6 13.4 
6.4 11.0 11.4 11.5 12.9 
sal UP3 
- 6.0 
4.7 
-
- -
12.9 15.2 
10.7 5.3 
4.6 
-
35.4 41.7 
13.5 
-
12.3 2.2 
6.7 
-
23.1 20.4 
16.6 
-
19.9 3.0 
- -
59.6 19.3 
17.3 12.8 
cinn 
0.3 
-
4.4 
6.9 
8.2 
-
3.9 
12.0 
21.0 
-
1.9 
1.6 
6.5 
-
6.5 
1.6 
total 
1082.5 
248.3 
5135.8 
2822.0 
1542.0 
274.6 
3317.3 
854.6 
1462.6 
95.9 
1914.3 
330.9 
3035.7 
254.7 
4540.8 
1415.2 
~ 
15 
~ 
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Table A4.2 Flavonoids 
Species cat epicat 2a 2b UF1 q-3-gal rutin q-3-glu 
S. acaule skin 21.4 17.1 
-
9.0 - - - -
subsp. acaule flesh 4.4 4.7 - - - - - -
(ACL 2113) flowers 143.4 37.1 12.9 35.0 243.9 126.0 8867.6 
-
n=3 leaves 60.2 4.1 3.0 2.7 5.3 64.9 357.0 2.3 
S. acaule skin 17.2 10.5 - - - - - -
subsp. aemulans flesh 
- - - - - - - -
(ACLAEM 3734) flowers 130.4 16.9 40.3 61.8 33.5 89.6 8204.5 
-
n=2 leaves 48.9 29.1 6.9 3.1 4.2 20.8 271.0 6.3 
S. berthaultii skin 60.7 27.2 3.0 5.5 
- - - -
(BER4036) flesh 12.2 2.8 - - - - - -
n=2 flowers 231.4 21.2 37.7 75.4 69.4 22.6 6536.9 6.2 
leaves 383.7 15.2 2.0 - 4.5 28.4 607.3 14.9 
S. gourlayi skin 22.5 - - 1.9 - - - -
(GRL 2480) flesh 
- - - - - - - -
n=2 flowers 86.7 45.9 - 16.8 278.7 30.1 5851.7 -
leaves 34.1 10.8 - 7.6 4.4 19.0 214.8 6.4 
eriod Km-3-r My UF2 
33.3 
- 6.1 7.7 
- - - -
11.3 106.7 a -
2.0 14.0 2.0 6.0 
17.9 
- a -
0.8 - - -
3.6 212.1 a -
4.6 22.7 - 25.4 
40.1 1.9 1.4 -
1.7 
- - -
68.8 397.9 a 15.2 
19.2 65.2 - 17.1 
5.5 - - -
- - - -
9.2 292.7 a 17.1 
1.7 15.5 a 13.3 
narin 
7.0 
-
19.8 
1.0 
10.4 
1.2 
-
-
19.6 
6.3 
15.0 
1.7 
16.2 
-
14.5 
1.2 
totalx 
87.8 
9.1 
9603.7 
514.7 
55.9 
2.0 
8792.5 
417.7 
157.8 
22.9 
7482.3 
1141.9 
46.0 
-
6626.3 
315.4 
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Table A4.2 Flavonoids continued ... 
Species cat epicat 2a 2b UF1 q-3-gal rutin q-3-glu eriod Km-3-r My UF2 narin totalx 
S. oplocense skin 9.3 2.8 - - - - - - 4.2 - - - 7.0 23.3 
(OPL 3777) flesh - 4.7 - - - - - - - - - - - 4.7 
n=2 flowers 32.9 19.5 35.0 18.2 141.6 51.8 5804.2 - 13.6 827.9 a a 7.0 6956.4 
leaves 37.6 8.2 - 4.9 - 10.5 80.4 0.6 0.5 17.7 1.8 7.5 - 140.4 
S. sanctae-rosae skin 14.2 
- - - - - - - 15.5 - - - 9.5 38.7 
(SCT 3269) flesh 7.7 - - - - - - - 1.5 - - - - 9.2 I 
n=2 flowers 32.3 14.1 2.8 14.3 177.1 58.0 6073.4 39.3 51.1 406.7 a a 24.0 6892.9 
leaves 46.8 5.8 - 1.0 1.0 24.5 276.8 24.0 22.4 23.5 a 15.0 - 425.6 
S. sanctae-rosae skin 17.4 11.9 - - - - - - 25.4 - a - 16.5 71.2 
(SCT 3779) flesh 1.7 - - - - - - - - - - - - 1.7 
n=3 flowers 129.2 34.7 11.2 16.3 47.0 94.9 3783.7 5.4 60.6 121.0 a 54.5 9.1 4313.1 
leaves 51.9 28.8 3.9 1.4 2.9 7.5 111.8 20.8 14.1 13.0 1.9 102.4 - 256.3 
S. sparsipilum skin 16.1 6.5 - 0.4 - - - - 13.5 5.9 a - 54.3 96.7 
(SPL 3488) flesh - - - - - - - - - - - - - -
n=2 flowers 29.0 11.3 1478.8 247.2 212.0 16.7 1768.9 - 84.0 82.0 a 21.0 6.7 3932.2 i g 
leaves 40.8 16.3 156.8 22.3 3.2 40.6 160.6 2.9 9.9 9.3 5.0 17.0 1.8 464.2 &. ~ 
""" 
w 
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Table A4.2 Flavonoids continued ... 
Species cat epicat 2a 2b UF1 q-3-gal 
S. sparsipilum skin 33.4 9.2 
- - -
-
(SPL 3563) flesh 4.1 - - - - -
n=2 flowers 143.5 6.2 24.5 16.0 446.3 24.5 
leaves 150.4 29.1 8.2 3.9 9.6 160.7 
S. speggazzinii skin 13.3 7.5 - 20.8 - -
(SPG3745) flesh - 2.4 - 13.0 - -
n=2 flowers 44.8 29.0 1602.5 116.3 22.8 24.4 
leaves 51.2 22.5 6.1 26.8 12.4 27.0 
S. speggazzinii skin 35.6 - - 12.3 - -
(SPG 3791) flesh 
- - - - - -
n=2 flowers 105.0 28.4 2555.0 173.8 30.1 18.5 
leaves 74.9 13.7 20.7 6.4 5.6 4.5 
S. stenotomum skin 74.8 10.0 - 10.1 2.9 13.7 
(STN 4711) flesh 19.8 - - 2.6 - -
n=2 flowers 44.0 43.9 1028.3 60.2 183.2 14.6 
leaves 68.6 11.7 126.2 18.6 0.9 24.9 
rutin q-3-glu eriod Km-3-r My 
- 3.1 28.1 31.0 a 
-
-
0.5 
- -
5460.8 
-
133.1 246.6 a 
719.1 
-
13.0 44.5 a 
- - 5.3 3.2 a 
- - - - -
1026.6 80.5 41.7 24.4 a 
13.6 19.7 
- 13.8 6.4 
- - 27.0 3.2 a 
- -
2.3 - -
927.4 20.3 26.0 27.7 a 
10.7 13.6 10.2 10.8 2.7 
- - 3.0 10.8 5.5 
- - - - -
4309.2 12.3 19.3 86.7 a 
81.7 - 12.8 10.2 5.2 
UF2 narin 
12.2 30.0 
- -
21.1 11.9 
44.9 8.9 
-
23.5 
- -
28.4 2.5 
20.9 -
- 28.1 
- -
6.1 2.7 
7.4 -
2.2 45.7 
2.1 1.4 
a 2.4 
10.1 1.5 
totalx 
134.7 
4.6 
6513.2 
1147.1 
73.4 
15.3 
3015.3 
186.4 
106.1 
2.3 
3914.6 
170.9 
170.9 
23.8 
5803.9 
325.2 
f 
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Table A4.3 Anthocyanins 
Species VAl (14.2) Cy-3-rut Mv-3-rut 
S. acaule subsp. acaule skin - - -
(ACL2113) flesh - - -
n=3 flowers 
- 3.8 14.3 
leaves 0.5 - -
S. acaule subsp. aemulans skin - - -
(ACLAEM 3734) flesh - - -
n=2 flowers - - 13.6 
leaves 12.6 - -
S. berthaultii skin - - -
(BER4036) flesh - - -
n=2 flowers - - -
leaves - - -
S. gourlayi skin - - -
(GRL 2480) flesh - - -
n=2 flowers 21.2 4.1 23.4 
leaves 8.8 - -
anth-l anth-2 
- -
- -
644.7 -
- -
16.8 -
- -
116.7 
-
- -
10.2 -
- -
667.1 -
- -
43.1 -
- -
1141.3 -
36.8 
-
total 
-
-
662.8 
0.5 
16.8 
-
130.3 
12.6 
10.2 
-
667.1 
-
43.1 
-
1189.9 
45.6 
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Table A4.3 Anthocyanins continued ... 
Species VAl (14.2) Cy-3-rut Mv-3-rut 
S. oplocense skin 
- - -
(OPL 3777) flesh - - -
n=2 flowers 10.4 3.2 12.8 
leaves 0.4 - -
S. sanctae-rosae skin 
- -
-
(SeT 3269) flesh 
- - -
n=2 flowers 40.2 7.4 28.7 
leaves 0.7 - 0.3 
S. sanctae-rosae skin - - 13.4 
(SeT 3779) flesh - - -
n=3 flowers - - 8.8 
leaves 0.6 - 0.1 
S. sparsipilum skin - - -
(SPL 3488) flesh - - -
n=2 flowers 13.5 4.1 97.8 
leaves 8.7 - 0.2 
anth-1 anth-2 
- -
- -
738.3 14.6 
0.4 0.1 
- -
- -
2254.4 90.1 
9.5 -
260.0 
-
- -
211.6 -
2.4 0.2 
45.2 -
- -
817.5 
-
4.9 -
total 
-
-
251.8 
0.9 
-
-
2420.7 
10.5 
273.4 
-
220.4 
3.3 
45.2 
-
932.9 
13.8 
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Table A4.3 Anthocyanins continued ... 
Species UA1 (14.2) Cy-3-rut Mv-3-rut 
S. sparsipilum skin 
- - -
(SPL 3563) flesh - - -
n=2 flowers - 8.3 192.0 
leaves 36.6 - 3.0 
S. speggazzinii skin - - -
(SPG3745) flesh - - -
n=2 flowers 11.1 - -
leaves 0.3 - -
S. spe~~azzinii skin - - -
(SPG3791) flesh 
- - -
n=2 flowers - - -
leaves - - -
S. stenotomum skin - - -
(STN 4711) flesh - - -
n=2 flowers 5.2 13.4 12.9 
leaves - - -
anth-1 anth-2 
55.7 -
- -
1322.6 
-
11.5 -
197.5 -
- -
78.8 -
2.3 0.5 
111.2 -
- -
89.9 -
- -
- -
- -
194.5 14.6 
- -
total 
55.7 
-
1522.9 
51.5 
197.5 
-
89.8 
6.1 
111.2 
-
89.9 
-
-
-
240.6 
-
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Effect of polysaccharides on the colour of 
anthocyanins 
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Dept of Plant & Microbial Sciences. University of Canterbury. Christchurch •. New Zealand 
& 
Jane E. Lancaster 
New Zealand Institute for Crop & Food Research Ltd. Private Bag 4704. Christchurch. New Zealand 
(Received 4 November 1994; accepted 8 December 1994) 
The effect of a variety of plant polysaccharides and sugars on anthocyanin 
colour was investigated. The colour intensity (absorbance), but not the Am.., of 
solutions of different anthocyan ins was found to be diminished in the presence 
of amylose, amylopectin and a- and .s-cyc\odextrins whilst glucose, maltose and 
sucrose caused an increase in colour. This colour change was more apparent at 
pH 4 than at pH 2. 
INTRODUCTION 
During our work with coloured potato tubers it was 
noticed that extracts of anthocyanins often showed 
decreased colour. This decrease was in contrast to 
flower (camellia, delphinium, mallow) extracts and it 
was thought that the high levels of starch present in 
tubers might be responsible for this effect. 
Anthocyaoins 
Anthocyanins are found in the vacuoles of many plants 
and their perceived colour depends on several factors 
such as concentration, solvent, temperature, pH, substi· 
tution on the B-ring and presence of copigments 
(Brouillard, 1982). pH has a large effect on the colour 
of anthocyanins because the three species of water (i.e. 
H+, OH- and H20) are highly reactive towards antho-
cyanins. Thus, the solvent water plays an important 
role in influencing both the stability and reactivity, as 
well as spectral properties of the various structures 
adopted by anthocyanins in aqueous solutions. 
In acidic aqueous solutions, four species of antho-
cyanin molecule may exist in equilibrium: the 
quinonoidal base (A). the flavylium cation (AW), the 
pseudo base or carbinol (PB). and the chalcone (C) 
(Brouillard, 1982; Chen & Hrazdina, 1982), thus 
AW ¢::) A + W acid/base equilibrium (1) 
·To whom correspondence should be addressed. 
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AW + H20 ~ PB + H* hydration equilibrium (2) 
PB ~ C ring/chain tautomeric equilibrium (3) 
Interconversion between these structures may take 
place as shown in Fig. 1. 
In most higher plants the pH of a mature vacuole is 
acidic, and a survey of many flowers has shown that 
the pH of the vacuole ranges from 2·5 to 7·5 (Stewart 
et al., 1975). For highly acidic cells pigmentation is 
probably due to the flavylium form (AW) alone. 
whereas in the range pH 3-4, both the flavylium cation 
and the neutral tautomer (A) may contribute to colour. 
whilst at pH 4-6 the neutral tautomer dominates due 
to deprotonation of the hydroxylated flavylium cation 
(eqn (I), Fig. 1) (Brouillard, 1982). Thus pH is a major 
factor in anthocyanin colour (Brouillard, 1982; Chen & 
Hrazdina, 1982). 
Protection of the flavylium ring against attack by 
water is absolutely necessary to maintain intensely 
coloured solutions. One way of retaining anthocyanin 
colour is by removal of water and displacement of the 
hydratiOn/dehydration equilibrium towards the coloured 
species (Le. reduce the extent of the hydration reaction) 
(Brouillard, 1983). 
Copigmentation may also protect anthocyanins 
against hydration thus preserving their red colour. 
Copigments include flavonoids, polyphenols, alkaloids, 
amino acids and organic acids. This effect occurs only 
in aqueous systems and is sensitive to pH, temperature 
and composition of the solution (Chandra et al., 1993). 
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Fig. 1. Effect of pH upon the structure of cyanidin (after Brouillard, 1982). Only reactions at acid pH (i, ii) are considered here. 
Plant carbohydrates 
Relevant properties of selected plant and food carbohy-
drates are summarised below. 
Most plant starches comprise 20-25% amylose and 
75-80% amylopectin. Amylose consists of essentially 
linear chains of a-(I,4)-linked glucose with occasional 
a-(l,6) branch points (Morrison & Karkalas, 1990). 
Because amylose exists as a helical structure, with six 
successive glucose units per revolution and a sA wide 
cavity in the centre of the helix, it can form inclusion 
complexes with alcohols, fatty acids and iodine (Nolte-
meyer & Saenger, 1980). Amylopectin consists of 
a-(l,4)-glucan chains joined at numerous a-(I,6) branch 
points which disrupt helix formation and therefore only 
the short linear chains are capable of forming helices 
(Kennedy & White, 1979). 
Cyclodextrins (CDs) are cyclic oligosaccharides con-
taining a-(I,4)-linked glucose units; the most common 
are a- and J3-cyclodextrin which have six and seven glu-
cose units, respectively (Saenger, 1980; Chandra et al., 
1993). Cyclodextrins have hydrophobic cavities with an 
inner diameter of 6A for a-CD and 7·5A for J3-CD. 
Thus they can form reversible inclusion complexes with 
smaller molecules (often phenolic substances) which fit 
into the cavity (in both the solid and liquid state), and 
are known to bind readily to molecules regardless of 
• solvent environment. This is in marked contrast to 
copigmentation effects which only occur in aqueous 
systems (Chandra et al., 1993). . 
Pectins are important components of plant tissues, 
especially of the parenchyma of fleshy roots (Coultate, 
1989); for example, potato tubers contain 0·36% pectin 
(Robinson, 1987). Pectin is a mainly linear polymer 
composed of esterified galacturonic acid residues, 
linked by a-( I ,4) glycosidic bonds (Belitz & Grosch, 
1987; Robinson, 1987). 
Polydextrose is composed almost entirely of ran-
domly cross-linked glucose polymers with the a-(1,6) 
bond predominating (Leibrand et al., 1985). 
Because anthocyanin pigments in plant foods (and deri-
ved products) may occur with a variety of saccharides, 
the latter may affect their structure and stability thus 
playing a role in the final colour of food products. It was 
therefore of interest to investiga te the effect of selected 
saccharides on the spectral properties of anthocyanins. 
MATERIALS At'ID METHODS 
Preparation of antbocyanins 
Anthocyanin extracts were prepared from suitable 
plant materials: 
.. pelargonidin-3-glucoside (Pg-3-glu) from freeze-
dried strawberries (Fragaria ananassa); 
.. delphinidin-3,5-diglucoside (Dp-3,5-g1u) and del-
phinium-3-g1ucoside (Dp-3-glu) from Delphinium 
spp. petals; 
.. malvidin-3,5-diglucoside (Mv-3,5-g1u) from mal-
low petals (Malva sylvestr;"'); 
.. pelargonidin-3-p-coumaroyl-rutinoside-5-g1ucoside 
(Pg-RF) from tubers of potato (Solanum tubero-
sum) cultivar 'Red Flesh'; and 
.. malvidin-3-p-coumaroyl-rutinoside-5-g1ucoside 
(Mv-U) from potato cultivar 'Urenika'. 
Tissue was extracted with 15% acetic acid in methanol 
and the anthocyanins chromatographed on a column of 
CI8 silica, eluted with 60% (v/v) methanol, and redis-
solved in water. Each plant extract also contained 
other flavonoids and phenolic acids but these did not 
appear to have any obvious effect on the results since 
similar patterns were found with the pure an tho-
cyanins. The purity of the two anthocyanin standards, 
cyanidin-3-rutinoside (Cy-3-rut) and malvidin-3-g1uco-
side (Mv-3-g1u) (Plan tech), was confirmed by HPLC. 
The pH of the anthocyanin solutions was adjusted 
(with HCI or NaOH) to pH 2 and/or pH 4, giving a 
final absorbance (at A,..J of 0·6-1·0 at pH 2, or 0·4-0·8 
at pH 4. The anthocyanins used are listed in Table L 
Table 1. Sources of anthocyanins 
Anthocyanin Source Amax(nm) 
pH2 pH4 
Cy-3-rut Standard (Plantech) 512 518 
Dp-3,5-glu Delphinium flowers 534/6 568 
Dp-3-glu Delphinium flowers 536/8 570 
Mv-3-glu Standard (Plantech) 518 526 
Mv-3,5-glu Mallow flowers 540 546 
Pg-3-glu Strawberry fruit 498 498 
Pg-RF Potato tubers, cv. 'Red Flesh' 504 518 
Mv-U Potato tubers, tv. 'Urenika' 524 538 
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Fig. 2. Spectra of malvidin-3,S-diglucoside and cyanidin-3-
rutinoside at pH 4·0 in presence or absence of J'-cyclodextrin. 
Carbohydrates 
Solutions of the following carbohydrates were prepared 
by dissolving in water followed by adjustment to pH 2 
or 4: 1·5% amylopectin (AP), 3% a-cyclodextrin (a-
CD) (cyclohexa-amylose), 3% ,B-cyclodextrin (,B-CD) 
(cyclohepta-amylose), 1·5% pectin, 3% polydextrose 
(PolyD, Pfizer, USA), 50% sucrose, 50010 glucose, 50% 
fructose, and 50% maltose (all as w/v). Solutions of 
1·5% amylose (AM) were dissolved initially in 50010 
(w/v) KOH and then the pH was adjusted (the final 
concentration of KOH was 12·5%). All reagents except 
PolyD, were supplied by Sigma (USA). 
Spectrophotometric assay 
For the spectrophotometric assays, equal amounts (250 
'J.d) of anthocyanin and carbohydrate solutions were 
mixed and the spectra (blanked against carbohydrate 
solution) measured after 60 min. Controls (without 
added carbohydrate) contained 250 ,ul anthocyanin 
plus 250 ,ul distilled water (at pH 2 or 4) (or KOHlHCI 
blank for amylose). Results are presented as a percent-
age of the control absorbtion at its visible Amax. Spectra 
were recorded on a HP8452A diode-array spectropho-
tometer. 
RESULTS 
Representative spectra showing cyanidin-3-rutinoside 
(standard) and mallow extract (mainly malvidin-3,5-
glucoside) both without (control) and with ,B-cyclodex-
trin are given in Fig. 2 which shows the decrease in 
absorbance at 60 min after the addition of ,B-cyclodex-
trin. Figures 3(a}-(c) show the effect of added AM, AP, 
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Fig. 3. Effect of added carbohydrate on colour of antho-
cyanins at pH 2·0 or 4·0. Results are presented as % change 
in absorbance at AmaX' 
a-CD, ,B-CD and glucose on a selection of antho-
cyanins at pH 2 and 4. In the presence of AM, AP, 
a-CD and ,B-CD there was a significant decrease in 
visible absorbance at pH 4. However, addition of AP 
and a-CD showed no significant change at pH 2 
whereas AM and ,B-CD also showed a significant 
decrease in absorbance at pH 2. Typically, the decrease 
in colour was larger at pH 4 than at pH 2. The addi-
tion of glucose resulted in an increase in absorbance. 
especially at pH 4. The results for sucrose and maltose 
are similar to the results presented in Fig. 3(c) for glucose. 
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Table 2. Meet of added carbobydrates on anthocyanin colour 
(compared with control) 
Carbohydrate 
Amylose" 
Amylopectin" 
a-CD" 
p.CD" 
PolyD 
Pectin 
Sucrose 
Glucose" 
Fructose 
Maltose 
DMS0(33%) 
KOHlHCI 
~ at pH 2 
Decreased 
No cbange 
No change 
Decreased 
No change 
No change 
No change 
No change 
No change 
No change 
No change 
No change 
"See Figs 3(a)-{c) for more detail. 
~ at pH 4 
Decreased 
Decreased 
Decreased 
Decreased 
No change 
Decreased (Dp), 
increased (Pg and Mv) 
Increased 
Increased 
No change 
Increased 
Decreased 
Increased 
Results with all carbohydrates are summarised in Table 
2. Polydextrose and fructose showed no significant 
effect at either pH, whilst pectin showed a change only 
at pH 4. Essentially similar results were obtained with 
anthocyanins from different sources. The degree of 
colour change appeared to be related primarily to the 
identity of the anthocyanin aglycone and only secon-
darily to its sugar substitution andlor acylation pattern. 
In all cases there was no change in "-max, only a 
change in the intensity of absorbance. The fading effect 
was dependent on both the anthocyanin and carbohy-
drate concentration. We also confirmed the observation 
of Yamada et al. (1980), that the loss of colour was 
time-dependent and was stable after 60 min. 
DISCUSSION 
From Figs 3(a)-{c) it may be seen that the addition of 
AM, AP, a-CD and p..CD resulted in significant 
decreases in anthocyanin colour with AM and "-CD 
showing the largest effect. The a-CD molecule has a 
smaller inner diameter than p..CD and thus appeared 
,to be Jess efficient at forming inclusion complexes with 
anthocyanins. AP is a much more highly branched 
molecule than AM and can only form helical structures 
within the unbranched straight chains and therefore 
caused far less decrease in anthocyanin colour than did 
AM. 
This 'fading' effect has also been reported by 
Yamada et al. (1980) who examined the interaction of 
only three anthocyanins (pelargonidin-3-glucoside, 
cyanidin-3-glucoside and delphinidin-3-(4-(p-coumaroyl)-
L-rhamnosyl-(I,6)-glucosido)-5-glucoside) with a- and 
p..cyclodextrin. In their experiments each anthocyanin 
was adjusted to pH 2 and added to varying concentra-
tions of a- or p..CD. Addition of p..CD resulted in the 
fading of the two anthocyanin solutions (Pg-3-glu and 
Cy-3-glu) and this effect was increased with higher con-
centrations of p..CD. Addition of a-CD resulted in a 
fading effect only for pelargonidin-3-glucoside and this 
was less than that measured for p..CD. This effect was 
found to be reversed at extremely low pH values (pH < 
0·5). No change in A.n.u. was observed. Yamada et al. 
(1980) also investigated the effect of amylose (dissolved 
in 33% DMSO) on these anthocyanins, and found that 
the addition of AM only caused the fading of pelargoni-
din-3-glucoside, but the extent of this effect could not be 
determined because of immediate AM precipitation. 
The precipitation of AM from· DMSO solutions was 
also observed in our experiments; it was overcome by 
initially dissolving AM in 50% KOH and then readjust-
ing its pH to 2 or 4. This procedure resulted in the AM 
remaining in solution and retaining its helical structure, 
as shown by its characteristic reaction with K.IJI2 solu-
tion. Yamada et al. (1980) postulated that the fading 
phenomenon was due to the conversion of a flavylium 
ion into a pseudobase in two steps: (I), the formation of 
an inclusion complex of the anthocyanin with the CD, 
and (2), conversion of the flavylium ion to the pseu-
dobase by catalytic action of the CD. 
More recently Chandra "et al. (1993) reported the stabi-
lising effect of 0·8-1·6% a" and p..cyclodextrin on antho-
cyanins extracted from" tart cherries with p..CD having 
the largest effect. Juice samples containing these 
cyclodextrins retained higher levels of anthocyanins after 
12 weeks of storage than solutions without added 
cyclodextrins. This stabilisation was thOUght to occur 
because the anthocyanin was protected from attack (by 
water, etc.) by being in the inclusion complex. If this is so 
then starch (amylose) might also be expected to exhibit a 
similar protective effect, which could be useful in the 
"long-term storage of foods containing anthocyanins. 
The absorbance of anthocyanins (compared with the 
control) increased when glucose, sucrose and maltose 
were added, but this may be due to a decrease in water 
activity (aw). Anthocyanin colour is known to increase 
upon the removal of water by displacement of the 
hydration/dehydration equilibrium (Fig. 1) towards the 
coloured species (Brouillard, 1983); it has been found 
also that sugar molecules are effective at binding water 
(Coultate, 1989). Copigmentation, where the aromatic 
residues of the copigments stack with the pyryJium ring 
of the flavylium cation, also reduces the extent of the 
hydration reaction and therefore increases the stability 
of the coloured species (Brouillard, 1983). Typically, 
copigmentation causes a bathochromic shift in the visi-
ble A..... of all anthocyanins, as well as the increase in 
absorbtion. However, in our experiments no change in 
Am .. was observed. 
The presence of sugars (and their breakdown prod-
ucts, furfural and 5-hydroxymethyl-furfural) in antho-
cyanin solutions has been found by some workers to 
cause anthocyanin degradation (reviewed in Francis, 
1989). When sugars were added to pelagonidin-3-gluco-
side, fructose led to greater pigment degradation than 
glucose, sucrose or maltose (Francis, 1989) whilst others 
(R. E. Wrolstad, pers. comm.) have found an increase 
in stability of anthocyanins when stored in the presence 
of added sugars. 
The effect of pectin was inconsistent; with malvidin 
and pelargonidin-glycosides it caused a small increase 
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in colour, whereas with de1phinidin-3,5-giucoside it led 
to a small decrease in colour. Asen et alB (1972) have 
reported that pectin may act as a copigment. 
The effect of carbohydrates on anthocyanin colour 
was more dramatic at pH 4 than at pH 2, a~d this was 
due in part to the greatly reduced absorbance of the 
anthocyanins at pH 4. Since the pH of plant vacuoles 
lies between 2·5 and 7·5 (Stewart et al., 1975), it is pos-
sible that the presence of other molecules in the vacuole 
may have an effect on the colour shown by the antho-
cyanins. Similarly, in fruit juices and homogenates, the 
colour of anthocyanins could be affected by the levels 
of starch and sugars, if present, as well as the pH and 
other copigments. This phenomenon could be of 
importance for industries which rely on the natural 
colour of anthocyanins to produce food products with 
pleasing appearances. 
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